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CHAPTER 1 
INTRODUCTION 


The previous reports covering the period ending September 1977 
concentrated on studies of basic mechanisms limiting the power con- 
version efficiency n» end particularly the open-circuit voltage V^» 
of n^-p junction silicon solar cells. Both theoretical and experi- 
mental studies were done to determine which mechanisms are responsible 
for the discrepanc>' between the theoretical and experimental efficiencies 
and open-circuit voltages. 

Zn the classical analysis of silicon p-n junction solar cells, 

which neglects certain fundamental physical mechanisms [1] , the limit 
f 

value of calculated to be about 700 mV. The values of ob- 

served experimentally fall well below this limit value. The efficiency 
n of silicon solar cells will be limited by V^, as first noted by 
Brandhorst t2]. The conclusion from our experimental work [3,4] was that 
the factors which most influence are the dark recombination currents 
in the fitter and base regions of the solar cell. In particular, for 
cells with base resistivity of about 0.1 0cm, the emitter dark recombi- 
nation current is dcxninant [3] . 

One of the possible mechanisms contributing to this dominance is 

bandgap narrowing AE [1] in heavily-doped regions of p-n junction solar 

G 

cells. In our previous report we proposed a new method [5] , based on 
the temperature dependence of the emitter current, for measuring 
in the emitter quasi neutral region as a function of the emitter doping 
concentration. Chapter 2 gives a detailed theoretical treatment under- 
lying this method Including now the effects of the Fermi-Dirac statistics. 
Experimental results for the emitter dark current density and AE_ for 

G 


1 


2 


emitter doping concentration! from 3 x to 2 x lO^^cm”^ are 

given for n^-type emitters. These data are the first accurate experi- 
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mental results covering the range of dopings above 10 cm . 

To provide theoretical support for investigating different t«ays 
to obtain high open-circuit voltages in p-n junction silicon solar cells* 
in Chapter 3 an analytical treatment of heavily doped transparent-emitter 
devices is presented that includes the effects of bandgap narrowing. 
Fermi-Dirac statistics, a doping concentration gradient, and a finite sur- 
face recombination velocity S at the emitter surface [6]. Transparency 
of the emitter to minority carrier is defined by the condition that the 
transit time is much smaller than the minority carrier lifetime in 
the emitter T^. << T^. As part of the analytical treatment, a self- 

consistency test is formulated that checks the validity of the assumption 
of emitter transparency for any given device. The transparent-emitter 
model is applied to calculate the dependence of the open-circuit voltage 
V of n^-p junction silicon solar cells made on lovr-resistivity substrates. 

4 

The calculated agrees with experimental values for high Sp(^ 5 x 10 cm/») 
provided the effects of beuidgap narrowing (modified by Fermi-Dirac sta- 
tistics) are included in the transparent-emitter model. 

As was discussed earlier, the dark emitter recombination current has 
to be suppressed in order to achieve V of edx>ut 700 mV. A new structure 
to achieve that goal, the high- low-emitter (HLE) solar cell was proix>si>d 
[7.8]. The study of HLE devices was one of the main purix>ses of the 
research under this grant. A detailed report of our accomplishments is 
in Chapter 4. Chapter 4 deals specifically with the cell in which the 
high-low (H-L) junction is Induced by a positive oxide charge in the 
silicon-dioxide layer covering the emitter surface [9] . The maximum 


V_ achieved to date is 647 mV (measured by NASA Lewis in Nay 1979) 

oc 
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About SO fabrication runs wars made using different substrates and 
fabrication procedures. The most iav>ortant results are summarised and 
described in detail. High values of V„ in a range of 640-647 mV were 
obtained in at least 20 fabrication runs, repeatedly and reproducibly , 
using base substrate resistivities of 0.1 Qcm and 0.025 0cm. The first 
devices, fabricated in January 1978, still maintain observed origi- 
nally twr> years ago. 

Chapter 5 discusses new methods for the determination of lifetimes 
and recombination currents in p-n junction solar cells and diodes [10] . 
These methods are particularly applicable to devices in which the minor- 
ity carrier diffusion length is longer than the width of the region of 
the interest (HLE, BSF, IBC, FSF, and TJ cells). These methods are then 
directly applicable to determine the lifetime in the epitaxial emitter 
of the HLE cells described in Chapter 4. Once the lifetime is determined, 
this result allows determination of the dark recombination current in the 
emitter and al so leads to the determination of the effective surface recom- 
bination velocity at the n^-n H-L junction in the emitter. 

Chapter 6 discusses a new approach for the fabrication of BSF cells 
[11], in which the heavily doped region in the base of a BSF cell is 
eliminated. Instead, the desired high concentration of majority carriers 
at the back surface is obtained by a biased metal-oxide-semiconductor 
structure (MOS-BSF cell) • 

Chapter 7 deals with design proposals for high efficiency high-low- 
emitter solar cells [12] . A first-order analysis of HLE cells is presented 
for both beginning-of-llfe (BOL) and end-of-life (EOL) conditions. Based 
on this analysis and on experimentally observed values for material para- 
meters, we present design approaches for both space and terrestrial cells. 


4 


The approaches result in specification of doping levels# junction depths 
and surface conditions t The proposed structures are projected to have 
both high and high and consequently high i). 
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CHAPTER 2 


kxi>i;kimi<:ni'al Dirn'.KMiNATiON of danixiap narrowing 

IN ’IIIF I'MiTTEH RIXIION OF SILICON P-N JUNCTION DEVICES 
2.1 Introduction 

Bandgap narrowing in heavily-doped regions of silicon p-n junction 

devices has been the subject of several publications [2,6-12]. The 

degradation in open-circuit voltage in low resistivity p-n junction 

solar cells [2] and the low values of emitter efficiency observed in 

silicon bipolar transistors [8,9J hwve been attributed, in part, to the 

excessive minority carriers stored in the heavily-doped emitter region as 

a result of bandgap narrowing in that region. 

Recently several methods have been pro{X}sed to determine the magnitude 

of bandgap narrowini AE_ in the base regvon of bipolar transistors. 

G 

These methods employ measurements of the temperature dependence of the 

transistor emitter-base junction voltage, at a fixed collector current 

[6] I and of the transistor collector current [7,13]. Because the base 
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doping concentration of transistors is limited to about 10 cm , 

these methods do not allow investigation of an entire range of high 

21 -3 

doping densities up to about 10 cm . The higher levels of doping 

concentration are often present in the emitter region of conventional 

p-n junction solar cells and bipolar transistors and can significantly 

influence the device performance* 

To determine dE of the emitter, we propose an alternative method 
Q 

which makes use of the temperature-dependence measurement of the 


5 
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Injected minority-carrier current in the emitter region. This method 

applies over the entire range of emitter dopinc. concentration present 

in p-n junction devices and allows » for the first time« determination 

21 -3 

of as a function of doping concentration up to about 10 cm . 

Q 

In the context of this dissertation, wc assume that the classical 
pareUDolic quantum density of state description is adequate for both 
carriers (rigid-band approximation) and that the minority carriers obey 
the traditional macroscopic flow equation in uniformly-doped regions. 
Discussions relate.d to these subjects can be found in literature [ 14-20] . 
In the interpretations of experimental results, wc have taken into account 
the effects of Fermi-Dirac statistics, which decrease the minority- 
carrier concentration below the values predicted if Boltzmann statistics 
are used. 

2.2 Theoretical Grounds for the Method 

2.2.1 Injected Minority-Carrier Current in Heavily-Doped Bnitter 
R egion 

We consider the structure shown in Fig. 2.1. For simplicity of 
discussion, we assume the quasi-neutral emitter region (0 ^ x - W^) to 
be uniformly doped with donor concentration Devices with an 

uniformly-doped emitter region allow direct correlation between the 
measured value of bandgap narrowing and the doping concentration without 
complications arising from the built-in electric field and quasi-field 
[is] associated with a position-dependent doping profile. Wc further 
assume the emitter to be transparent to the minority holeS} that is, 
the hole transit time across the n^ region Is assumed to be much 
shorter than the hole recombination lifetime t in the n^ region. A 




e 


thin emitter with large surface recombination velocity helps to decrease 
the hole transit time. Experiments with p^-n*n^ back-surface-field 

I 

solar cells indicate that even some n^ layers as thick as 1 pm (formed 
by phosphorous diffusion at 1000*C for 30 min) exhibit transparency 
properties (21). 

Under the above assumptions, the injected hole current density 
is spatially constant: 

l'’pl ■ n ■ ’“p 

where is the hole diffusivity, is the width of the quasi-neutral 
emitter region, and AP(0) is the excess hole density at the edge of the 
quasi-neutral emitter, which we next discuss. 

2.2.2 Excess Minority-Carrier Concentration in Oegenerate Silicon 

In thermal equilibrium, for a parabolic quantum density of states, 
the concentrations of charge carriers in a semiconductor are given by 

”o " '‘‘i^'’c* " 2 (2irm*^kT/h^) F^(h^) (2.2) 

Pq - P,^(n^) - 2(2irm*j^kT/h*)^''* P^(h^) (2.3) 

where and are the effective density of states in the conduction 

* * 

and valence bands respectively, m^^ and m^^ are the density-of -state 
effective masses for electrons and holes respectively, is the Permi- 
Dirac integral of order H, and 

n ■ (E- - E )AT (2.4) 

c r c 

- (E^ - Ej)AT 


( 2 . 5 ) 
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Por an n*typ« r«gion, in4«p*nd«nt of tho doping concontrotior., 
•quation (2.3), %d\leh doacriboa tha minority tvola concantration, 
raducaa to tha familiar form qivan by loltimann'a atatiatieat 


Pq ■ axpl(E^-Ej,)/KTl 

It wa uaa tha analytic approximation for P^ (n) I 18], 


( 2 . 6 ) 


h ‘n) •* 


(2.7) 


1 + C(n)a ' 

tfhara C(h) ia a function of n givan in raferanca (22], tten tha tharmal 
aqui librium valua of PN product ia 


0 0 


^c \ 


1 ♦ C(n^)a 

C 


( 2 . 8 ) 


Mhan an axtarnal biaa ia applied to tha atructura aho%m in Fig. 2.1, 
tha hola quaai-Farmi laval in tha n^ region ahifta from ita equilibrium 
valua. Tha electron quaai-Paraii laval, however, raaiaina fixed relative 

to tha conduction band aa givan by tha relation 

n_ 




K> n 

1 ♦ C(n )a 
c 
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whara we aaaume for doping concantrationa above 2 x 10 cm all 

impurity atona are ionized {23,24]. Thua we have 

-(E -E )AT [E -E (X)]AT 
Vv • e 'P 


(2.9) 


"dd****’ 


1 ♦ C(n„)a ® 

C 


( 2 . 10 ) 
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and« at x»0. 


P(0) 


-B^T qv ,AT 
"c%* • 




( 2 . 11 ) 


where and are the electron and hole quasi-Fermi levels, 
respectively, V is the external voltage bias, euid E„ is the energy 

0Ci Q 

bandgap, which for lightly doped silicon is [25,26] 


E « E “ otT 
G GO 


1.206 - 2.8xl0“^ 7 eV for 300 K < T < 400 K 


( 2 . 12 ) 


Here E^^ is the extrapolated energy bandgap at 0 K idiich differs from 
the actual energy bandgap value of 1.170 eV at 0 K due to the parabolic 
dependence of the energy bandgap on temperature at lower temperatures 
[27]. The experimental uncertainty in (2.12) is ed»out ±0.0015 eV [25]. 

Combining (2.11), (2.12), and using the equilibrium value of 
in (2.8), we obtain the emcees s hole concentration 

a/k qV^^kT 


AP(0) 


Vv « ® 


u 


- 1] 


A "i te -1] 


(2.13) 


2 

where n^ is defined to be the intrinsic carrier concentration squared 
corresponding to energy bandgap E . Ihe usefulness of the analytic 

GO 

approximation for is obvious. It allows direct assessment of the of fects of 
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carrier degeneracy on th« minority carrier storage and therofore on 

the recombination current in the heavily-doped region. Specificallyt 

the effect of Fermi-Dirac statistics decreases the minority carrier 

concentration by a factor of (l + C(n }exp(n )1 below that resulting 

c c 

if Boltzmann statistics were used. In Table 2.1 and also in Figure 2.2, 

we display numerical results of the reciprocal of this quantity as a 

function of temperature for several doping concentrations. It is noted 

that the hole concentration is depressed by as much as 70\ at 300 K in 
, 20 -3 

an n-type region with ^^^^*10 cm as a result of electron degeneracy. 
The value of effective density of states in the conduction band [28] used 

19 3/2 

in these calculations is N » 2.88 x 10 (T/300) ' . For n ^ 4, 

Vi» 

F|^(n) in (2.7) Can be approximated by exp(n)/{l (0. 3-0.0413n)exp (n)] 
to within 4% (181. 

2.2.3 Temperature Dependence of Injected Minority-Carrier Current 
in Heavily-Doped Emitter Region 

The expression for the injected minority-carrier current in a 

heavily-doped thin region can be obtained by combining (2.1) and (2.13) 


P 

If we use Einstein's relation between carrier diffusivity and mobility 
for the minority holes, Dp*()tT/q)Pp, and assume the hole mobility to 
be independent of temperature in the degenerate material [23], the hole 
saturation current then varies with temperature as 


Ij 


qDj,n‘ - U 


'"e 


(2.14) 


Upol “ TSxp(-E^QAT)/[l+C(n^)exp(n^)l 


(2.15) 
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Figure 2.2 Ratio of minority carrier concentration with consideration 
of Permi-Dirac statistics to the same quantity without 
consideration of Formi-Dirac statistics. 
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Th« valuo of In units of eV is then equal to the slope of the plot 
tn(J-.[l‘^C(n )exp(n )/T^) versus q/M. Values of E_. snaller than 

rO C C GU 

1.206 eV correspond to an increase of minority-carrier concentration 

• « 

not accountable by traditional theory and we attribute this phenomenon 
as a consequence of an effective reduction in the energy bandgap. 

Thus we define 

6E_ > 1.206 - E_. (measured) eV . (2.16) 

G GO 

To incorporate the effect of bandgap narrowing, we re-write from (2.14) 
the expression for the emitter saturation current 


2 

where n^^ is the intrinsic density squared corresponding to E^ ■ 1.206 eV. 
2.3 Illtistration of the Method 

In this section we illustrate the above im^thod with two device 

structures: a transistor structure and a diode structure. 

The transistors under study are n-p-n silicon bipolar transistors. 

There are two transistors studied, which we will designate as SHF 70 

and TXA. The n^ emitter region of transistor SHF 70 is ion -implanted 

20 -3 

with a uniform arsenic concentration of 1.5x10 cm . The depth of 

the emitter-base junction from the silicon surface is about 0.37 pm. 

The net in^urity profiles obtained by incremental sheet resistance 

measurement is shown in Fig. 2.3. The n^ emitter region of transistor 

TXA is arsenic diffused with a near-uniform dopant concentration of 
20 -3 

1.5x10 cm . The impurity profile is shown in Fig. 2.4. 


'PO' 


qDpn^^ exp(AE^AT) 
"ooll ♦ C(n^)e 


(2.17) 
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A convenient way to study the Injected minority-carrier current 

in the heavily-doped emitter region would be by measuring the transistor 

base current as a function of the forward biased emitter-base 
B 

junction voltage as shown in Pig. 2.5. However, the transistor base 

Bb 

current consists not only of the injected minority hole current (in a 

n-p-n transistor) supporting recombination in the quasi-neutral bul)c 

region .*..id the surface of the emitter; it also has a component of current 

supporting bulk recombination in the quasi-neutral base region and a 

component of current supporting recombination in the emitter-base 

junction space-charge region [29] . We have already discussed the 

recombination current in the thin heavily-doped emitter in Section 2.2.1 

and 2.2.2. The bulk recombination current in the base region is often 

negligible; indeed if this were the only component of the transistor 

base current, the static common-emitter current gain h of conventional 

r E 

silicon bipolar transistors would be several orders of magnitude higher 

2 

than the values of h commonly seen (MO ) . The transistors under 

EE 

study have values of h less than 100. The component of current due 

EE 

to recombination in the emitter-base junction space-charge region prevails 

at lower values of V . This current component has a characteristic 

BE 

exponential dependence on voltage; I « exp(qV__/mkT) with m > 1 (3,4). 

At higher biases, this current component is less significant due tc the 
weaker exponential dependence on voltage but nevertheless still 
constitutes a portion of the total current. Thus, in order to obtain 
the emitter recombination current, which has an ideal exponential 
voltage dependence (m ® 1), the space-charge region recombination current 
must be subtracted from the total measured terminal current (4,8). 

A computer program written to analyze data resulting from the transistor 



Figure 2.5 Circuit diagram for transistor base current measureawnt 
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base current measurements is listed in Appendix X. A typical 1^ 
versus V„., plot for transistor SHF 70 is shown in Fig. 2.6. In 
Tables 2.2 and 2.3, we summarize the values of emitter saturation 
current 1^^ determined for several ten%>eratures for the two transistors 
under study. Tbe values of n and I_.tl+C(n )exp(n )1/T^ are also 

C EU C C 

tabulated in .ables 2.2 and 2.3. In Fig. 2.7, tn{l_-tl+C(n )exp(n^)l/T^} 
versus 1000/T is plotted. in units of eV can be obtained by 

multiplying the magnitude of the slope of the least-square-fitted 
straight line by lOOOk/q. For transistor SHF 70, E.. is found to be 

0.981 eV. This corresponds to a bandgap narrowing AE_ of 0.225 eV. 

G 

For transistor TXA, AE_ is found to be 0.227 eV. 

G 

Wc have blso studied bandgap narrowing in heavily-doped n^ regions 
using diode structures. The starting material is boron-doped p-type 
silicon wafers with doping concentration of 2.0 x 10^^ cm The wafers 
are cleaned and oxidized at 800* C for two hours in dry oxygen to grow 
200 A of silicon dioxide. The wafers are then implanted with different 
arsenic doses and 2 uinealed at 10S0*C for 20 min. in dry nitrogen. 

The thin oxide on both surfaces of the wafers is removed and the wafers 
are metallized with Ti-Ag on both surfaces. Square chips of 110 mil x 
110 mil are scribed from the wafers and circular mesa structures of 
different areas are made on the chips as shown in Fig. 2.8. The devices 
are mounted on TO-5 headers with silver epoxy at room temperature and 
ultrasonically wire-bonded at room temperature. 

The measurement circuit for the diode I-V characteristic is shown 
in Fig. 2.9. The current source used is an EDC-CR 103 current standard. 
The current is incremented such that the terminal voltages across the 
diode are 10 mV apart for each reading, starting from 0.1 V to 0.7 v. 






Tibl« 2.2 ixparlMiital ValiMis of Bnittor Saturotim Currant 

•nd Cnleulatod Valuaa of at Diffarcnt Taiq^raturoa 

for Translator SHT 70 (Nj^*** 1.5 x 10^^ oa*^). 


T(K) 

1,0 <*«P> 
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5.67x10*^^ 

3.198 

2.86xl0“*® 

322.2 

l.llxio’^® 

3.139 

5.08x10*^® 

327.3 

2.12x10*^® 

3.080 

8.79x10*^® 

332.4 

3.93x10 

3.022 

1.48xl0“*® 

337.3 

7.17x10**^* 

2.968 

2.47xl0‘^® 

342.8 

1.36x10*^® 

2.908 

4. 23x1 O"*® 

348.0 

2.44x10*^® 

2.854 

6.93x10*^® 

353.4 

4.51x10*^® 

2.798 

1.17x10*^® 

358. S 

7.66x10*^® 

2.745 

1.81x10**® 

363.4 

1.26x10*^^ 

2.697 

2.74x10**® 

368.6 

2.09x10’^^ 

2.U47 

-24 

4.18x10 ** 

373.6 

3.61xl0“^^ 

2.601 

6.66x10**® 
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Tabl« 2*3 SxpcriMntal ValMt of Bidttor Soturation Curront X_. 

and Calculatad Valuta of n at Difftrant Ttaptraturfa 

® 20 "S 

for Tranaiator THA (N|^ ■ l.S x 10 en ). 


T(1C) 

XgO 

318.6 

5.23x10*** 

327.2 

•15 

1.56x10 

337.5 

5,55x10*** 

348.0 

1.83x10*** 

358.2 

5.57x10*** 


3.181 

3.080 

2.965 

2.854 


f 

2.57x10*** 

6.48x10*** 

1.90x10**^ 

5.20x10**^ 

1.32x10*** 


2.749 
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Figure 2 






Ti-Ag 

Ohmic 

Contact 


.8 Mesa diode structure. The silicon etchant used is 
IHF : 1CH^C0(M : 6HNO^. Etching time is about I min. 
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There are several groups of diodes under study, which we designate 
in Table 2.4. All these devices have shallow emitters with uniform 
doping concentrations. The impurity profile in the n^ emitter region 
of these devices as measured by a spreading resistance method are shown 
in Fig, 2.10. A typical I-V characteristic of these devices is displayed 
in Pig. 2.11. All devices selected for measurements have an easily 
recognizable space-charge recombination current component at lower 
biases, that is, I « exp(qV/mkT) with m > 1 and m approximately constant 
for two orders of magnitude range of current. This allows straightforward 
extraction of the ideal reconAsination current component (m = 1) from 
the measured terminal current [4] . The computer program used to analyze 
the transistor current can be also used in this case (Appendix I). 

The pertinent geometrical and electrical parameters including minority 
carrier diffusion length in the substrate material measured by an X-ray 
irradiation method [30] for these devices are summarized in Table 2.4. 

The extracted va?ues of saturation current ^or the ideal recom- 

bination current component at different measurement temperatures are 
tabulated in Table 2.5a-2.5d. 

In a diode structure, the ideal recombination current has two 
components: a component supporting recombination in the bulk region and 
surface of the emitte^and a component supporting recombination in the 
bulk region and back contact of the base. For diffused p^-n diodes 
fabricated on low-resistivity silicon, it has been demonstrated that 
the recombination current in the emitter region can be significant (4). 

For the n^-p diodes under study we expect the emitter recombination 
current to be even more significant, partly due to the thin emitter with 
large surface recombination velocity and partly duo to a larger value 
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Table 2.4 Geometrical and Electrical Parameters of Arsenic-Implanted 
Diodes Under Study. 


Device 

Device Area 
(cm^) 

DD 

(cm“^) 

Emitter-Base 
Junction Depth 
(titn) 

DD 

(cm“^) 

L 

n 

(Mm) 

UP 2-2 

2.29xl0“^ 

3.0x10^® 

0.15 

17 

2.0x10 • 

65 

UP 3-2 

1.06x10"^ 

2.1x10^° 

0.32 

2.0x10^^ 

67 

UP 8-2 

9.90xl0“^ 

1.5x10^° 

G.31 

2.0x10^^ 

76 

UP 12-2 

1.37xl0"^ 

1.0x10^° 

0.30 

2.0x10^’ 

62 







r 





Table 2.Sa Ideal Saturation Current for Device UP 2-2 
- 3.0 X 10^® 


T (K) 


'%o ‘""P/®* > 

322.5 

-12 

2.23x10 

9.74x10"^^ 

327.3 

4.05x10”^^ 

1.77x10“^® 

332.3 

7.47x10*^^ 

3.26x10“^® 

337.5 

1.42x10“^^ 

6.20xl0“^° 

342.6 . 

2.63x10"^^ 

1.15xl0“® 

347.8 

4.70x10*^^ 

2.05x10"® 

353.6 

8.60x10“^^ 

3.76xl0"® 

1 2.5b Ideal Saturation Current 
(Ndd - 2.1 X 10^° cm“^). 

for Device UP 3-2 

T (K) 

*QN0 

•^QNO 

322.3 

3.90x10“^^ 

3.68x10"^^ 

327.3 

7.56x10“^^ 

7.13x10"^^ 

337.5 

2.57x10“^^ 

2.42xl0"^° 

342.9 

4.85xl0‘^^ 

4.58xl0"^® 

347.9 

8.45xl0“^^ 

7.97xl0"^° 

358.7 

2.58x10"^^ 

2.43xl0"® 
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^ T«bl« 2.5c Xdital Saturation Currant for Devlca UF 8-2 

2Q 

I , (N__ • 1.5 X 10 cm ). 

I OD 

I 


T 

i 

f 

i 

T (K) 

V '"p* 

%o 

i 

322.2 

5.66x10"^^ 

5.72x10"^^ 

d 

327.2 

1.08x10"^^ 

1.09xl0"^® 

V 

332.3 

2.00x10"^^ 

2.02x10“^° - 


337.5 . 

3.67xl0"^^ 

-to 

3.71x10 • 

i ■ 

342.6 

6,77xl0"^^ 

6.84x10*^° 

j 

348.1 

1.23x10*^^ 

1.24x10“^ 


i 


Table 2.5d Ideal Saturation Current for Device UF 12-2 

20 -3 

(Njjjj - 1.0 X 10 cm ) . 

T <K) (amp) (amp/cm^) 

332.5 

1.76xl0”^^ 

1.28x10'^° 

337.5 

3.11x10"^^ 

2.27xl0"^° 

342.6 

5.76xl0“^^ 

4.23xl0"^° 

348.1 

l.OBxlo"^^ 

7.88xl0"^° 

] 353.7 

1.99xl0“^^ 

1.45x10"® 

1 358.5 

3.30xl0“^^ 

2.41xl0"® 
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of offoctlvo doMity of statos in tho conduction band for silicon in 

comparison with tho valus of offoctivs density of states in tha valsncs 

band. This axpsetation of largo is consistent with experimental 

findings [3] on diffused n^*p solar cells having a 0.1 (l-cm base 

resistivity, tfe will discuss this effect in the next section. 

To Illustrate that the emitter recombination current is the 

dominant current coiig>onont in these diodes, %fo measure the minority 

carrier diffusion lengths in those devices using the X>ray irradiation 

method [30]. Consider device UP 2>2, for exan^le. The extracted ideal 

recombination current >hown in Pig. 2.11. The base recombination 

2 

current component (dashed lino) as calculated from (qAn. 0 /N..L ) x 

xo n AA n 

(exp(qVAT)-l] is only a few percent of the total ideal recombination 
current. The emitter of the device is designed to be thin and with a 
large surface recombination velocity so that the dominant recombination 
process in the emitter is mainly at the emitter surface and therefore 
(2.15) and (2.17) apply. This requires the hole lifetime in the esdtter 
region to be longer than the hole transit time across the emitter region, 
which we will discuss in further detail in the next section. 

In Pig. 2.12, we display a plot of in{X_^[l4C(fi )exp(n )]/T^) 

versus 1000/T for two devices having different values of dB_. The values 

y 

of AEg determined for different values of arsenic concentration using the 
diode structure are summarized in Table 2.6. The values of obtained 
using the transistor structure are also included. Xn Pig. 2.13, we show 

the results graphically. The experimental values of AE_ as a function 

y 

of impurity concentration can be fitted by 

20 

AB. - 0.037 tn(M__/10 ) + 0.210 eV . (2.18) 

y Du 






1000/T 


I Figure 

I 

1 


.12 tn{l^Q[H-C(n^)exp(n^) 1/t'*} vs. 1000/T for diode UF2-2 
and UF 8-2. 




h\ 



f 

I 
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Tabl* 2.6 BAndgap Narrowing 6B_ aa a Function of Enittar Doping 
Concentration. 


Device 

Emitter Concentration 

(on"^) - 

6E^ (oV) 

UF 2-2 (diode) 

3.0x10^^ 

0.175 

UF 12-2 (diode) 

1.0x10^° 

0.204 

UF 8-2 (diode) 

i.5xl0^° 

0.236 

SHF 70 (tranaistor) 

1.5x10^° 

0.225 

TXA (tranaiatpr) 

1.5x10^° 

0.227 

UF 3-2 (dioda) 

2.1x10^° 

0.247 
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2.4 DilCUSSiM 

h«v« d«MonstrAt«d an •J^ttrinantal Mthod to study snsrgy bondgsp 

nsrrouing in hssvlly-dopsd SRittsr rsgions. Mis Mthod onploys ths 

study of tsivsrsturs dspsndsnes of ths Minority esrrisr rseonbinstion 

eurrsnt in s thin trsntpsrsnt snittsr. Ms sceursey in dots mining 

ACq rsliss on an accurats description of ths variation of SMittsr 

saturation currant with tssiparaturs and also on ths accuracy in 

obtaining the sMittsr saturation currant fro« tha I*V charactaristics. 

In deriving (2.15), which describes the teeperature variation of 

the ealtter saturation current, we have assuMd t tat the ninority^carrier 

Mobility and Mjority-carrier concentration are tanperature independent 

and that the energy bandgap in intrinsic silicon varies linearly with 

tanperature. At lower tei^ratures (below 200 X) , these assuMptions nay 

be questionable t6,2S], particularly for enitters with lower doping 

19 -3 

concentrations (below 10 cn ) . To niniadse these possible sources 

of error, we have selected the neasurenent tefsaerature range to be between 

320 X and 3S0 X. Ne note that (2.15) and (2.17) hold only for a transparent 

esdtter. Mis requires the hole lifetiM t in the e^tter to be longer 

P 

2 + 

than the hole transit tiM N^20^. As an exanple, for an n esdtter wiUi 

a doping concentration of 10^^ cn~^ and M ■ 0.25 yn, the hole transit 

E 

tiM is approxinately 0.2 nsec tdtich is SMller than tha hole Auger 

lifetiM of 0.6 nsec reported for this doping concentrate -n f3i,32]. 

. 2 

In this calculation, we assum « 1.5 cm /sec at 320 X. At highur 

tenperatures, D increases slightly with taMperature and ’ .refore the 
P 

transit tiM is shorter. For tiiicker esdtters, reconbination ^i.ocesses 

such as Auger reconbination and Shockley-Read-Hall reconbination con bo 

inportant in the enltter bulk region and w in (2.14) should be ruplacod 

E 
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1 


by tho corraiponding diffusion length L^. Under this situstion* the 
eisittor is defined to be opaque to the minority holes. Howoveri if L 

P 

doos not vary significantly with temperature in the rat«ge of 
measurument tci^mrature* (2.15) remains valid. Despite these possible 
sources of error, it is preferable to use (2.15) to determine AE 

G 

rather than determining AE_ fr^ a single value of using (2.17). 

G Ew 

The uncertainty in in the heavily-doped n^ region may cause large 
error in AE_. 

The experimental accuracy in the I-V measurement is extremely good. 

The current standard «re use has an accuracy about ± 1 nA. Thus the 

accuracy in determining from the X-V characteristics depends mostly 

on the device having a well-defined space-charge recombination current 

component so that the ideal recombination current coniponent can be 

separated frem the measured X-V characteristics accurately. Devices 

with surface and other leakage current components are not suitable for 

this measurement. Me estimate the error in determining to be less 

than 3%. Assuming the values of can be obtained sufficiently 

accurate, the uncertainty in AE , which is related to the slope of the 

G 

activation energy plot, can be reduced by taking more values of X^^ at 
closer temperature intervals. The experimental accuracy in determining 
AB^, as obtained by a least-square-fit to the measured data as shotm in 
Pigs. 2.7 and 2.12, is estimated to be ± 5 meV. 

We now discuss the experimental resul^ further. Consider device 
UP 8-2, for example. is found to be 5.72 x 10 amp/cm^ at 322.2 K 

for this device. The large value of dark saturation current density in 
this device cannot be explained by an opaque emitter with very short 
minority-carrier lifetime alone. If %ire ignore the effect of bandgap 




narrowing eutd relate the saturation current in an opaque emitter, 

2 

qni^,Dp/NjjjjLptl-iC(n^)exp{ng)l, to the measured dark saturation current 
density, a minority-'Carrier lifetime as low as 10 sec. is required 
to account for the dark rectnnbination current measured. Ihese low 
values for minority-carrier lifetime are not consistent with lifetimes 
reported in heavily-doped silicon [31,32] and are lower than the mean 
free time between colli ions, Inclusi<m of the effect of bandgap 
narrowing provides a mcUfl it is consistent with the large observed 
value of saturation current density. 

In this chapter, we have concentrated our study on n^ emitters. 

For devices with p* emitters we anticipate the effect of Fermi-Dirac 
statistics to be more significant because N < N . For silicon, the 

V ^ 

value of N„ is about a factor of three lower than the value of N . Thus 
V C 

4- IQ _3 

for an n emitter with doping concentration of 3 x 10 cm ( * N ) , the 
effect cif majority-carrier degeneracy depresses the minority-carrier 

concent.ration by cd>out a factor of 0.7 at 300 K, as shown in Pig. 2.2; 

t 19 -3 

but, for a p emitter, a doping concentration of 1 x 10 cm i* H^) 

suffices to depress the minority-carrier concentration by the same 

factor of 0.7. He note here that other %«orkers [7,8,13] have not taken 

into account the effect of Fermi-Dirac statistics in their studies of 

energy bandgap narrowing in silicon p-n junction devices. Our results 

•f. 19 

indicate that, for an n region with doping concentration of 3x10 cm 

(device UF 2-2), this neglect underestimates AE by about 0.015 eV. For 

G 

an 1 :^ region with doping concentration of 2.1 x 10^^ cm~^ (device UF 3-2), 

the underestimation in AE_ is about 0.070 eV. These results can be 

G 

obtained from the plot of fn[lgQ/T^] versus 1000/T. For a p* emitter 

with the same doping concentration, the underestimation in dE by 

G 

neglecting the effect of Fermi-Dirac statistics would be even greater. 
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CHAPTER 3 


HEAVILY-DOPED TRANSPARENT Q4ITTER REGIONS 
IN JUNCTION SOLAR CELLS, DIODES, AND TRANSISTORS 
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1 . Introduction 

Excess siinority carrier injected into the enitter of p-n junction 
devices reconbine in the bulk and at the surface of the eaitter. If 
the emitter junction is shallow enough, the minority carriers can 
cross the quasi "neutral emitter region without appreciable bulk recombi- 
nation. The minority carriers then recombine at the emitter surface. 

For this case the emitter is transparent to the injected minority 
carriers, and an important parameter then is the surface recombination 
velocity S at the emitter surface. 

This parameter is particularly important for p-n junction silicon 
solar cells in which most of the illuminated surface is not covered by 
metal. In devices in which thermal SiO^ covers this nonmetallized 

4 

portion of the surface, experiments show that S can be less than 10 
rm/sec for both p-cells (p-type substrate) |1) and n-cells (Ij. This 
value of S is orders of magnitude less than that at an ohmic contact 
and is consistent with values determined earlier by different experi- 
mental methods (2). Furthermore, recent experiments on p-cells (1] 
and n-cells (1) demonstrate that the emitter can be completely transparent. 

The purpose of this paper is to provide an analytical treatment 
of transparent emitter devices, pa’’ticularly solar cells, that is 
more complete than treatments previously available (3-8). In this treatment, 
we include the effects of: (a) bandgap narrowing (9,10], (b) Fermi-Dirac 

statistics, (c) built-in field due to the impurity profile, and (d) a 
finite surface recombination velocity S. Detailed numerical studies including 
these various effects have been done (11-13), but they have not treated the 
case of the transparent emitter. 
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A najor result of the paper is the demonstration that the transparent* 
emitter model can predict experimental values of V observed on n^*p thin 
diffused junction silicon solar cells made on lowresistivity (0.1 Q*cai) 
substrates. Thus, the transparent-emitter model is shown to provide an 
explanation for the discrepancy between the prediction of sis^le classical 
theory S 700 mV) and the measured maximum value (V^ S 600 mV). The 
transparent-emitter model gives V^^ = 600 mV for high values of Sp 

4 

(Sp > 10 cm/sec) provided the effects of bandgap narrowing (modified by 
Fermi-Dirac statistics) are included. This result suggests that ''oc can 
be increased toward the classical value of 700 mV if Sp is decreased and 
the effects of bandgap narrowing are reduced. This is accoaqilished in the 
HLE solar cells, early versions of which have shown increases in ''oc to 
the 640-650 mV range [14]. 

In addition to the development of the theory for the transparent- 
emitter device, and its application to solar cells, the paper will 
include a test for the self-consistent validity of the transparent- 
emitter model. This test compares the calculated transit tiam of 
minority carriers across the emitter with the Auger-impact minority 
carrier lifetime within the emitter region. 

II. Derivation 

We consider an n-type heavily doped quasi-neutral emitter region; 
analogous results apply to p-type emitters. The minority carrier 
current density in the n-type region is 

Jp(x) = qPpAP(x)E(x) - qDp (1) 

If low-level injection in the emitter is assumed, then E(x) is given 
by its thermal -equilibrium value. 
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E(k) = • 




dPo(x) 

dx 


Ve now define an effective intrinsic density n^^ such that 


n?^(x) = Pq(x) Nq(x) 


( 2 ) 


(3) 


in which Pn(x) and N.Cx) arc the hole and electron concentrations in 
u u 

2 

thersMl equilibrium. The parameter depends on position for two reasons: 

1. the influence of Fermi-Dirac statistics, and 

2. the influence of bandgap narrowing. 

These influences are discussed in section III. For Haxwell-Boltzmann 

2 

statistics and no bandgap narrowing, n^^^ is the square of the intrinsic 
carrier concentration in silicon and is a function of temperature only. 

If the expressions in (2) and (3) are used in (1), we get, after 
some manipulations, 


Nq(x) 

Jp(x) -2 dx = -qDpd 

n. (x) 
le 


AP(x) 


n^ (x) 

1C 


(4) 


If we integrate (4) over the quasi-neutral emitter region, we get 


VI 

! 


JpM 


N»(x) 

dx X - ,D 

dj,(x) 


AP(x) 


NqCx) 


iWn 


n? (x) 
le ' 


(5) 


io 


where is some average value of D^. If the emitter is transparent 
(transit-time limited), that is, if the minority carrier transit time 
is much less than the minority carrier lifetime (for an n-type 
emitter), then is constant independent of position in the emitter. 
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Use of the ninority carrier boundary conditions (15) 


AP(0) s Pq(0) - 1) 

St the edge of the emitter space charge region, and 


( 6 ) 


W = q • S • AP (Wg) 


(7) 


at the emitter surface, enable (5) to be expressed as 




- 1 ) 


/e JIjW 
0 n2,(«) 


dx ♦ 


5p • »q(«e > 


( 8 ) 


Equation (8) is the general expression for the minority carrier current 
in a transparent emitter. 

To check the condition, « T^, required for transparency, we 
must determine the steady-state transit time t^, which is defined by 
the charge control relation, 

Qo 


'^p 


(9) 


Here Qp is the excess minority carrier charge storage in the emitter: 


Qp = q J AP(x) dx 


( 10 ) 


Using (4), (8), and (10) to express Qp, and combining with (9), we 
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find the following expression for the siinority carrier transit tisM: 



1 *0^*^ 

W 1 


Dp 0 nj^(x) 

QX ▼ A 





, W- X N.(x*) 

4 -; * s - — 

0 0 "o<*> 




W- n* (x) 
f ® -iS — dx 

0 Hq(x) 


dx ' dx p 


(11) 


Sosw special cases are of interest. For a flat isipurity coocen* 
tration profile » the above expression reduces to 


W 

r 

“p Sp 

If, furthemore, Sp is infinite, (12) reduces to the fasiiliar ex* 
pression. 


( 12 ) 


\ = -L ’ 

2D„ 


(13) 


III. Heavy Doping Effects 

In thermal equilibrium, heavy doping concentrations of shallow 
level impurities affect the minority carrier concentration in a quasi* 
neutral region by two mechanisms: bandgap narrowing and Fermi*Oirac 

statistics. These two mechanisms affect the minority carrier concen* 
tration in opposite ways. For any given position of the Fersii level 
relative to the band edges, bandgap narrowing tends to increase the 
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minority carrier concentration, while incluaion of Fermi^Dirac atatia- 
tica tenda to decrease the minority carrier concentration below the 
value calculated using Haxwell*Boltamann statistics. The dominance of 
either of the two effects, at any specific is^urity concentration, depends 
on the siodel of bandgap narrowing adopted. 

In this treatment, we assume that bandgap narrowing occurs without 
changing the parabolic dependence on energy of the density of states in 
the conduction and valence bands. This is the ritid*band approximation . 

The effects of bandgap narrowing and Fermi-Oirac statistics csn 
be lumped into a position-dependent effective intrinsic carrier con- 
centration at thermal equilibrium given by 


vhere 


“L<“> 


„2,4E.(x)/kT 
n .e u 



1 ♦ C(n) e^ 


n = He * (Ep - 


for n-type material, and 

n ~ Hy ~ (^y ” Ep) /kT 


(14) 


(15) 


(16) 


for p-type material. The derivation of (14) appears in the Appendix. 

In (15) and (16), and are the edges of the conduction and valence 

bands, respectively, and Ep is the Fermi level. The factor C(n) is a 

20 -3 

function of n> which, for i) £ 4 (e.g. , < 2 x 10 cm in n-type 

silicon), is (16) 

c(n) £ - o.o4n ♦ 0.3 (i?) 

The above approximation of C(n) gives values of the Fermi-Dirac 
intergral of order ^ (see Appendix) with less than 4% error. 
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In nonequilibriuB condltionn, baadfnp narrowing iacrnaant tbe 
■inority carrier current by: 

1. Increaaing the Minority carrier concentration. 

2. Decreasing the retarding built-in electric field acting on 
the Minority carriers. 

The increase in the Minority carrier concentration P results froM 
2 

the increase in n^^(x). The decrease of the built-in electric field is 
due to the position dependence of (4a<l hence of the effective 

bandgap) in the inhoMogeneously doped enitter. 

To develop a siaple expression illustrating the reduction of tbe 
electric field, ve now include only bandgap narrowing excluding the 
effect of Femi'Dirac statistics for tho present. Then the effective 
electric field acting on the Minority carriers, given in (2), can be 
expressed by using (3) and (4) as: 


E(x) s A(Nq) 


where 


dN^Cx) 


:;n. . 1 

M|J Nq^x^ dx 


A(N ) s 
0 




NqCx) 

KT 


d AEg(x) , 
dM^Cx) 


(18) 


(19) 


The factor A(Ng) Measures the reduction of the built-in electric field 
due to bandgap narrowing. For any 0 K>del of bandgap narrowing, A(Ng) 
is always less than one. Figure 1 shows A(Nq) as a function of the 
electron (Majority carrier) concentration for three Models of bandgap 
narrowing: SlotbooM and OeCraaff (17), Hauser (18], and Lanyon and 

Tuft (19). 
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In the absence of bandgap narrowing, the holes experience a 

retarding electric field in an n-type diffused eaitter. Equatiene (18) 

and (19) indicate that the position dependence of the bandgap narrowing, 

in effect, decreasea the retarding electric field. The SMre it is 

decreased the saialler is the transit tiSM for a specific surface 

reconbination velocity. In (11) the transit tine is shown to be a 
2 

function of n^^. In Figure 2 the transit tine is plotted as a 
function of W^, the width of the quasi-neutral eaitter region, in 
two cases: neglecting bandgap narrowing, and including bandgap 

narrowing (Slotboon and De Graaff nodel). Note that inclusion of 
bandgap narrowing aakes the transit tine close to the value it has 
if the inpurity profile is flat. In general, bandgap narrowing 
decreases the transit tine if the inpurity profile is not flat. 

Conversely, inclusion of Femi-Dirac statistics increases the 
transit tine as can be seen in Figure 2. Inclusion of Fcmi-Dirac 
statistics shifts the value of the transit tiaM closer to that 
calculated when heavy doping effects are neglected. 

IV. Discussion 

Fron (8), the ninority carrier saturation current for a transparent 
enitter is 
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then (20) reOucct to 
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/ ® dx 
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which it the exect expression for en infinite surfsce recosd>instion 
velocity. For 
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(20) reduces to 
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(24) 


It is desirable to nake snail for the bipolar transistor. This 
results in a large emitter efficiency. For the p-n junction solar cell, 
if the emitter recombination current is sswll cosq>sred 'With the base 
recombination current, tne value of can approach the classical 
theoretical limit. 

To illustrate the dependence of Jp^ on Sp, consider the desirable 
case in the transparent-emitter model in which Sp is small enough to 
satisfy (23). Figures 3 and 4 show the variation of the emitter 
saturation current density, Jp^, and the transit time, T^, as a 
function of Sp for three models of bandgap narrowing: Slotboom and 

De Craaff (17), Hauser (18), and the recent model of Lanyon and 
Tuft (19), which has the form 
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Mg s 22.5x10*^ (N/10^*)^^^ eV 

for Qoo'degenerately doped silicon, and (25) 

Mg = 162. xlO"^ (N/10^®)^^^ eV 
for degenerately doped silicon. 

A Gaussian inpurity profile is assuaed with a surface isqpurity concen- 
20 -3 

tration of 10 cn and a junction depth of .25 isa. Full ionization 

of the isqpurity atoms is also assumed. 

For values of Sp below 10^ cm/sec, Jpg and vary rapidly with 

variations in while for values of Sp above 10^ cn/sec, both Jpg 

and saturate. Jpg saturates to its largest value, and saturates 

to its lowest value. The largest value of Jpg at any Sp occurs for the 

Lanyon'Tuft model cf bandgap narrowing. 

The validity ^f the transparent emitter model is based on the condi- 

tion that the minority carrier transit time is much ssMller than the 

minority carrier lifetime: « l^. To test this condition, is cslcu* 

lated from (11). Values of are plotted in Figures 4 and 5. In Figure 4, 

is plotted as a function of Sp for the three models' of bandgap narrowing 

(assuming = .25 pm). While in Figure 5, values of are plotted as a 

function of the quasi-neutral emitter region width, W^, for Sp ~ 5x10^ cm/tec. 

The recombination lifetime has an upper bound determined by the Auger 

band-to-band recombination at high impurity concentration. 

To illustrate the self-consistency test for transparency, we assume 

20 -3 

the surface concentration of a diffused emitter to be 10 cm . With 
the impurity profile assumed gaussian, this corresponds to an average 
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.g 

Auger lifetime of = 2. A x 10 sec [20]. In Figures A sad S» we 
compere this lifetime with for each of the three baadgsp narrowing 
models (assuming that » 0.2S pm). Note that the emitter is completely 

5 4 

transparent if Sp exceeds 10 cm/ sec and is opaque if Sp is below 10 cm/ see. 
V. Application to p-n Junction Silicon Solar Cells 

In this section, we apply the transparent-emitter 0K>del to 
calculate the open-circuit voltage of silicon p-n junction solar 
cells having low substrate resistivity. 

The open-circuit voltage is given by 



(26) 


where is the short-circuit current density and is the saturation 
current of the solar cell in the dark. The saturation current density 
of the diode is 


"^0 ■ '^PO ‘^NO 


(27) 


where Jp^ is the emitter minority carrier saturation current density 
and is the base minority carrier saturation current density. 

The base saturation current density is 


J 


NO 


‘‘aa^n 


(28) 


Consider low-resistivity silicon solar cells with base doping concen- 

17 -3 

tration of N^ = 5 x 10 cm . Measurements made on such cells 

indicated the minority carrier diffusion length, Lj^, to be 80 pm (21), 

-lA 2 

corresponding to = 6.2 x 10 A/ cm . The general expression for 
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the transparent emitter current density, given in (8), has yielded 
JpQ as a function of Sp, as shown in Figure 3. 

2 

Combining these characterizations for and Jp^ with « 23 mk/cm 
(AMO conditions) (22], we plot:, in Figure 6, versus S^. For low Sp 

3 

(about 10 ca/sec), is limited by the base current, and for higher 
values of Sp, is limited by the emitter current, as has been 
observed experimentally [22] . Note that foi. Sp > 10^ cm/sec, 
saturates to its lowest value. Note also that the Lanyon and Tuft 
BK>del of bandgap narrowing gives lower values of (for any given 
value of Sp) than those givcm by the Slotboom and De Craaff and 
Hauser sradels. 

So far we have assumed, for simplicity, that all of the emitter 
surface is characterized by a single value of Sp. We now consider 
a iBore realistic structure of silicon solar cells. Figure 7(a). The 
emitter saturation current Jp^ is the sum of three components from 
regions 1, 2, and 3 shown in Figure 7(b), (23]. The components of 
the current density from the metal-covered surface, region *1, and 
the nonmetal -cove red surface, region 2, are given by (8). In region 
3, the flow of minority carriers is two-dimensional since the minority 
carriers within about a diffusion length from region 1 are much SK>re 
influenced by the high value of Sp of region 1 than they are by the 
relatively low value of Sp of region 2. To avoid the complexity of 
two-dimensional analysis, we make the first-order approximation that 
the component of Jp^ from region 3 is essentially the same as that 
from region 1 (Jp^ ~ '^PI^ because Sp of the unmetallized surface can be 
made orders of magnitude smaller than Sp of the ohmic contact. » 


The emitter saturation current is then 


*P0 * ^ ^3^ '^POl * ^2'^P02 

where is the metallized surface area and (A2 A^) is the uusetal*- 

lized surface area and and >lpQ2 corresponding currents. 

The area A^ is approximately equal to 

A3 S 2nLgLp (30) 


where n is the number of metal grid lines (or fingers), is the 
length of the grid lines (see Figure 7), and A2 = A.^ ~ (A3 A^, A,, 

being the total area of the cell. 

2 

As a numerical example, let s 4 cm , = 2 cm, n = 6, 

2 

Lp = Ipniy and assume 10% metal coverage. Then = 0.4 cm p 
2 2 

A2 = 3.59 cm p and A^ = 0.0024 cm . In this case, A^ is negligible p 
and 


kT 

V = r A 


sc 


1 


2 

7 + — ■ 

POl A^ 


• J 


P02 


+ J, 


NO 


(31) 


This expression can be used to estimate Sp of the nonroetallized 

surface from experimental values of For diffused, thin** junction 

p-n junction solar cells made on low resistivity (=0.1 O-cm) material, 

the maximum observed open-circuit voltage is about 600 mV (22]. As one 

example, if we consider the Lanyon-Tuft model of bandgap narrowing, and 

let Sp of the ohmic contact be 10^ cm/sec, let the doping concentration 

20 -3 

be gaussian with a surface concentration of 10 cm , then by using (31), 

4 

with Aj/Aj. = 0.1 and = 600 mV, we get Sp (nonmetal) = 5x10 cm/sec. 
Thus this value for Sp could result in the low V^^, seen in conventional, 
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diffused, thin-junction solsr cell. Note that Figures 4 and S indicate 
the self-consistent validity of the transparency assuaption for this 
device in the Lanyon-Tuft nodel which pensits use of (30). 

Although the preceding discussion has focused on the transparent 
eaitter nodel applied to n^-p silicon solar cells, the nodel can also 
be applied to p^-n cells. It is straightforward to show that heavy 
doping effects (bandgap narrowing and Femi-Dirac statistics) degrade 
n^-p cell perfomance more than that of p^-n cells because the 
effective nass of electrons in silicon is greater than the effective 
mass of holes. The resulting different effective densities of states 
in the conduction and valence bands (N^ and Ny) cause the onset of 
degeneracy to occur at lower impurity concentrations in p-type 
material than in n-type material [13], if both n-type and p-type 
regions have the same bandgap narrowing. Thus the net effect of 
bandgap narrowing and Fermi-Dirac statistics is to degrade the n-type 
heavily doped region more than the p-type region with the sane is^urity 
concentration. This may, in part, be responsible for the high effi- 
ciency p^-n-n^ cells that have been observed experisMntally [24]. 

VI. Perspective 

This paper has dealt with the transparent-emitter SK>del of a solar 
cell, which is defined by the condition that the minority carriers in 
the dark quasi-neutral emitter recombine mainly at the surface rather • 
than in the bulk. Surface recombination can predominate over bulk 
recombination if the emitter junction depth is shallow enough and if 
the surface recombination velocity is high enough. In fact, this occurs 
in typical pn-junction silicon solar cells, as demonstrated by recent 
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experiments showing the sensitivity of to the surface recosri»ination 
velocity (1). From a theoretical standpoint, the self-consistency test 
in Section IV can determine the validity, for a given solar cell, of the 
transparent-emitter model, provided the emitter recombination center 
density is low enough for the Auger process to dominate over the Shockley- 
Read-Hall process. 

Although the transparent-emitter model may describe many conventional 
shallow pn-junction silicon solar cells, the high value of the surface 
recombination velocity S necessary to validate the transparent-emitter 
model is not necessarily desirable from a design point of view. Growth 
of a thermal SiO^ layer on the emitter surface can substantially decrease 
S and increase V* particularly if a high-low junction barrier is present 
near the emitter surface (14J. For such devices, the dark emitter re- 
combination current is determined mainly by bulk recombination. 
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Appendix 

In theraal equilibriua, for a parabolic quantua denaity of atatea» 
the concentrations of charge carriers in a semiconductor are given by 


**0 * 


(A-1) 


^0 ’ (A-2) 

where and Ny are the effective density of states in the conduction 
and valence bands, respectively, is the Ferai-Dirac integral of 
order and 


=(Ep - E(,)/KT 


(A-3) 


Hy = (Ey - Ej.)/KT 


(A-A) 


As suggested by Landsberg et al. [16], the analytic approxi* 
nation 


F^(n) = 


e^ 

1 + C(n)e'l 


(A-5) 


can be used in the range *A < n £ '*' 10. Here C(n) is a function of 
n given in figure 4 of [16]. 

Using (A-5) in (A-1) and (A-2), we can write 



N^e\ 


1 ♦ C(H(.) e 


He 
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(A-6) 
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Hy 

P =__V (A-7) 

° 1 + C(qy) Al 


Thus, from (A-6) and (A-7), 

-E.(x)/KT 

2 **cV 

“ie ^ He Hy -Eg(x)/KT 

1 ♦ c(ng)e + c(n^) e ♦ c(n^,) ccoy) « 

(A-8) 

where 


Ec(x) = Eqq - AEq(x) ^ 


in which E^^ is the bandgap of the intrinsic semiconductor, and 
M„(x) is the bandgap narrowing due to heavy doping. For an n-type 
heavily doped region, Hy << 0 and CCOy) = 0 in (A-8). Furthermore, 
the term C(r|(,) C(Hy) e « j. Therefore, for a heavily 

doped n-type region, (A-8) reduces to 



(x) = NqPq 


2 AEg(x)/KT 


Hr 

1 + e 


(A-10) 


Similarly, for a p-type heavily doped region 
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(X) * NqPq * 


2 AEq(x)/KT 

V 

n« 

l ♦ C(Hy) e 


(A-ll) 


In (A-10) and (A-ll), n^ it< the intrinsic concentration in the pure 
seniconductor. 
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Fiture I ; The bandtep'narrowini reduction factor A(N) versus the electron 
(majority-carrier) ''ncentration N for: (A) Lanyoo-Tuft model, 
(B) Hauser model, and (C) Slotboom-De Grasff model. 



Fiture 2 : The transit time versus the width of the emitter region 

for S = SxlO^ cm/sec and a gaussian profile with: no heavy doping 
(NHD), bandgap narrowing (Slotboom-De Graaf model) and Fermi- 
Dirac statistics (BGNtFD) , bandgap narrowing (Slotboom-De Graaf 
model) only (BGN), and for a flat profile (NHD^FLAT). 


Fiture 3 : The emitter saturation current density JpQ as a function of the 

surface recombination velocity Sp, for = .25 Fermi -Dirac 
statistics and bandgap narrowing included: (A) Lanyon-Tuft, 

(B) Hauser, and (C) Slotboom-De Graaf. For low values of Sp 

4 

(less than about 10 cm/sec) the self-consistency test yields 

fa 

> Tp so the emitter current is then due to Auger re- 
combination and may be larger than values reported above. 


Fiture 4 ; as a function of surface recombination velocity S^ for 
Wg = .25 Fermi-Dirac statistics and bandgap narrowing 
are included: (A) Lanyon-Tuft, (B) Hauser, and (C) Slotboom- 
De Graaff. 

Figure 5 ; t^ versus for S = 5x10^ cm/sec. Fermi-Dirac statistics and 
bandgap narrowing are included: (A) Lanyon-Tuft, (B) Hauser, 
and (C) Slotboom-De Graaff. 
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Fiture 6 ; versus for « .25 Ftnsi-Dirsc ststistics end 

bsndgsp narrowing are included: (A) Lanyon-Tuft, (I) Hauser, 
end (C) Slotboosi-De Graaff. In (D) heavy doping cffecta are 

L 

not included. For low values of (less than 10 cai/acc) 
is lisiited by the Auger-recoadiination current in the 
euitter because and '^oc “y be lower than values 

reported above. 


Fiaure 7 i 


(a) The structure of p-n Junction solar cell 

(b) The three components of the euitter current: 

Jpi , '^p2* *^P3* 


cm 







FIGURE 3 
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FIGURE 4 
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CHAPTER 4 

HIGH-LCX4-EMITTER SOLAR CELL 

4.1 Introduction 

As Brandhorst first noted [1] the power conversion efficiency n 

in silicon p-n junction solar cells is considerably less than the 

maximum theoretical value of n mainly because the open-circuit voltage 

V is smaller than simple p-n junction theory predicts. Experiments 

12 ] on n^-p silicon cells have shown that this discrepancy in V results 

from the dominance, in the non-illuminated cell, of the emitter recc^- 

bination current over the base recombination current J^. In cells 
E B 

having base doping concentrations of the order of 10 ^ cm for which 

the largest values of V are seen, J exceeds J by about an order 

OC £ B 

of magnitude [2], rather than being several orders of magnitude less 

than J as is predicted by single p-n junction theory. The excess J 
B E 

has been attributed to the mechanisms [3,4] of energy bandgap narrowing 

and lifetime degradation that accompany heavy doping concentrations in 

the n^ emitter. The excess J may also arise? in part, from a large 

£ 

surface recombination velocity over the non-metal li zed portion of the 
surface. 

To suppress J and thus raise the achievable values of V , a now 
structure, the High-Low-Emitter (HLE) solar cell has been proposed and 
its performance has been calculated on theoretical grounds [5-7]. 

This device contains a high-low junction near an emitter surface of low 
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surface recombination velocity, in the second section of this chapter 
we outline the theory underlying tlLB solar cell behavior; then we 
discuss early experimental results on test devices employing the MLE 
structure. In particular, we focus on one category of HLE solar cell: 
the Oxide-Charge- Induced (OCI) HLE solar cell in which an electron 
accumulation layer is used to form a high-low junction [7,8]. 

4.2 Physical Basis Underlying Emitter Current Suppression in HLE 

Solar Cells 

As is illustrated in Pig. 4.1(a), the HLE cell differs from the 
conventional p-n junction solar cell in that it contains a high-low 
junction in the emitter. The mechanisms, underlying the suppression of 
the emitter current resemble, in part, those which suppress base current 
in Back-Surf aco-Field (BSF) solar cells: as the injected minority 
carri«.*rs (holes) diffuse across the lightly-doped n region into the 
n^ region, where the electron density is much higher, the partially 
reflecting boundary condition [9] at the high-low junction depresses 
the hole density near the emitter surface. In contrast to the BSF 
cell, however, in the HLE cell the emitter surface, which is close to 
the high-low junction, is designed to have a low surface recombination 
velocity S^. The combination of low hole density and low results 
in a suppression of the injected hole current. 

In Fig. 4.1(b) we contrast the spatial distributions of the excess 
hole concentrations in the quasi-neutral emitters of two structures: 
one, an HLE structure, the other, a structure with no H-L junction 
and with a large value of S^. In this comparison, it is assumed that 
the holes injected from the base into the emitter recombine mainly at 
the emitter surface (x=0) . Figure 4.1(c) shows qualitatively the effect 




Figure 4.1 (a) High-Low-Emitter junction solar cell structure under 

external bias voltage V . 

A 

(b) Excess hole distribution in a IlbE structure (dashed 
line) and in a structure with no li-L barrier and with 

high value of S (solid line) . 

P 

(c) Energy band diagram showing the Coulomb repulsion of 
injected holes by the H-L barrier. 
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of Coulomb- force repulsion associated with the high-low barrier on 
injected holes in the vicinity of the high- low junction. 

To study the emitter current in the HLE structure more quanti- 
tatively, we make use of the discussion in Chapter 3 for the Back- 
Surfacc-Ficld solar colls. /Analogous to (3.1), the emitter current 

in HLE structure can be decomposed into two components: J*, the current 

£ 

component duo to recombination in the n^ bulk and surface region and 
J , the current ^component due to recombination in the n bulk region. 
Using the same notations as in (3.1), we write the total emitter current 
Jp(X^) as 


[dP(x )+AP(x ) ] W 

jjp(X 3 )| - qAP(x 2 )Sg + q ^ ^ ~ (4.1) 


where the first term on the right hand side represents j\ the second 

term represents J , S is the effective rcconbination velocity for holes 
E £ 

at X B X > and the geometrical variables x , x , and W are as defined 
2 2 3 E 

In Fig 4.1(a) . 

For good cell performance both J and must be made small. 

E E 

The current must be small so that the injected carriers can interact 
with the high-low barrier. This imposes the following conditions on 
the n region: (a) its hole lifetime must be long compared to the hole 
transit time across the n layer so that nearly all the holes injected 
from the base diffuse through to the high-low junction rather than 
recombining within the region^ and (b) its doping concentration must be 
low enough (less than 10^^ to 10^^ cm to avoid the effects of energy 
band-gap narrowing and severe hole lifetime degradation. These 
con.iiderations suggest that a 5 to 20 pm thick n-type epitaxial layer 
with resistivity in the range of 0.1 Q-cm to 1 Q-cm would be appropriate. 
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Note that higher conductivity offers the advantage of reducing the 
lateral cosg>onent of series resistance. 

we next investigate the recotibinatioi) current component 
in the n^ region. For concreteness in the discussion, we assume for 
now that the n^ region is formed by a heavy doping concentration of 
donor atoms, resulting from diffusion or ion ing>lantation or some 
other method of fabrication. A later discussion, in Section 4.3, 
generalizes to include the possibility that the large electron concen- 
tration in the n^ region is formed without heavy doping as in the OCI- 
Hl£ solar cell. 

For this diffused (or ion-implanted) HLE device, we assume the 
n^ region to be thin enough that all the holes recombine mainly at the 
surface which can be characterized by a surface recombination velocity 
Sp. We further assume the quasi-neutral n^ region to be field-free, 
as a result of the built-in electric field due to the doping gradient 
being balanced approximately by the quasi- fie Id due to the gradient of 
the energy band-gap narrowing AE (x) . Solution of the continuity 
equation for holes then yields [7] . 

-1 

{exp(qV /kT)-ll (4.2) 

A 

vfhere is the hole diffusivity, W^ is the thickness of the quasi- 
neutral n^ region, x^ is the quasi-neutral region edge of the high-low 

+ 2 
junction nearest the surface, N is the doping concentration, and ii- 

is the effective intrinsic density squared which can differ from 

the intrinsic density squared for intrinsic silicon because of the 

effects of Fermi -Dirac statistics [10] and energy band narrowing (3,11). 


■ r.- 




OD 1 


Dp/W; 
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In th« ficld>fre« model for the region (10 ) , note that 


"ie^*!’ * "ie***’ 


( 4 . 3 ) 


vfherc x is any point in the n^ region. This relation can simplify 
the quantitative use of (4.2) in analysis. 

For a well passivated surface, is low and often is thin 
enough that O^/W* is much larger than S^. Under this assumption, 
the total emitter current is 




nf S q nf W_ 

1 E 


N. 


00 


00 P 


(exp(qV^AT)-ll . 


( 4 . 4 ) 


Here we assume AP(x 2 > * AP(x^) • ”io^%0 ''*'®*^* doping con- 

centration in the n region. 

Provided that the bulk recombination in the n-type region is 
negligible, the emitter current is then 


q Ep 

~ [exp(qV AT)-ll 

P 3 . + A 


(4.5) 


N 


00 


The same suppression would occur in a conventional n^-p solar ceil if 
all the holes were transported across the emitter to the surface and 
if the surface were passivated to reduce S^. The advantage of the 
HLE structure is that the n^ layer of the HLE cell can be made very 

e 

thin (*v< 1000 A) with lower doping concentration to decrease the heavy- 
doping effects. The lower sheet resistance of the n^ layer will be 
compensated by the parallel resistance of the n-type epitaxial layer. 
The low-doped emitter epitaxial region will contribute significantly 
to the short-circuit current, since for low s most of the optically 
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9 «n«rat«d carriars will ba collactad by tha p-n junction. Tha low 
doping of tha n ragion ia consiatant with long adnority-earriac lifatiaia 
which anablaa tha achiavaaiant of a high colla<;tion afficianey. 

Zn tha Oxida-Charga*Inducad HLE atructura« which wa will atudy in 
tha following aaction, tho omittor current ia auppreaaad ao low by 
the aurfaco and the high^low barrier that the baae current J alone 

P 

datarininaa tha dark currant. 

4.3 Oxida-Charqa-lnducad HLE Solar Callt Structure, Fabrication, 
and Performance 

4.3.1 Structure 

Aa ia ahown in Fig. 4.2, tha high* low junction in tha anittar 

raaulta from an electron accumulation layer induced in the n*type 

epitaxial emitter region by a poaitive oxide charge 0^^. Hie charge 

O ia created near the ailicon-ailicon dioxide interface during a low* 

OX 

temperature oxygen heat traataient [12] . Experimenta on MOS capacitora 

indicate that thO poaitive oxide cherga raaidaa within about 300 A 

from the ailicon*ailicon dioxide interface and atrongly depanda on 

tha laat high temperature proceaa and the cryatal orientation fl2,13). 

For <111> wafera annealed in 700*C dry oxygen, ia found to be about 
11 2 

5.5x10 /cm (12,13). The total charge accumulated near the ailicon 
aurfaca ia approximately The eloctron diatribution ia dcacribud 

by MOS theory (26) , and moat of the aloctrona in the accumulation 
layer reaide within about three extrinaic Debye lengths from tho uurf.ico. 
For tha above value of tha electron aurfaca concentration is awut 

9.3x10^^ cra”^ for 0*cm and about 1.2x10^® cm ^ for Q*cm. 

To aaaure a good oltmic contact, a ahallow phoaphoroua diffusion is 


Oxide charge Q 


Figure 4. 


contact 



accumulation 


OX 


layer 


2 Cross section of an oxide-charge-induced high-low-emitter 
(OCI-HLE) solar cell. Electron accumulation laye^“ i.s 
induced by a positive oxide charge Q . 
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made under the metallized portion of the top surface area. %is 

diffusion also provides a high-low barrier and a small effective surface 

recombination velocity [9] for holes. The p-type base has a doping 

17 -3 

concentration N = 5x10 cm , which approximately minimizes J 

AA o 

in a cell without a back-surface field [1] . 

From a device performance point of view, the oxide-charge-induced 

H-L structure of Fig. <.2 is an attractive realization of the HLE 

solar cell because it avoids a high concentration of donor impurity 

atoms in the thin H layer near the surface. This diminishes sane 

sources of degrading heavy-doping effects [3] , such as some mechanisms 

that give rise to band-gap narrowing [14] and hole lifetime degradation 

in the H layer, and it can also help the achievement of low values of 

surface recombination velocity. The avoidance of a diffusion step to 

form a highly-doped H layer eliminates, over the nonmetallized portion 

of the surface, the diffusion of unwanted impurities and vacancies into 

the silicon along with the donor atoms. These advantages can result 

without the occurrence of a large lateral component of the series 

resistance R , and consequent degradation of the fill factor FF [15] , 
s 

because the thickness and doping concentration of the L portion of the 
H-L junction can be adjusted to supply the needed lateral conductance. 

For applications in concentrated sunlight, this is particularly important. 

The preceding section contains expressions for the dark emitter 
current for the diffused (or ion-implanted) HLE. These were based on 
a . ield-free model of the region in which the built-in electric 
field and the quasi-field nearly cancelled one another. For the OCI-HLE 
solar cell, however, this is an inappropriate model because the gradient 
of the energy band gap that produces U.e quasi-field is small for the 
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18 *"3 

low values (^10 cm ) of electron concentration induced at the 
surface whUo the election concentration can change by several orders 
of nuKjtiitude in a Debye length thereby producing a large built*-in 
electric field. To derive an expression for the dark emitter current 
in the OCI-HLE cell, note that the large electron concentration and 
the desired suppressed hole current suggest that the quasi-Fermi levels 
for both electrons and holes are nearly flat throughout the emitter 
region, as Fig. 4.1(b) indicates. Hien by multiplying together the 
expressions for the electron and hole densities (in terms of the qausi- 
Fcrmi levels) , one finds the excess hole density at the surface. If 
the injected holes recombine mainly at the surface, which is a preferred 
design for the reasons indicated in the preceding section, then the 
surface excess hole density times qS^ gives the magnitude of the dark 
emittei current: 

|j I = qS (n^ /N ) [exp (qV /kT)*“l] (4.6) 

P P s ^ A 

2 

where N is the electron concentration at the surface and n. is 
s les 

the effective intrinsic density squared at the surface. It can differ 

2 

from n. even though the electron concentration N is low because of 
lO s 

the effects of minority-carrier screening by the majority carriers 
(14,16) and of Fermi-Dirac statistics (lOJ . Note that (4 6) is essen- 
tially the same as (4.5) for the field-free model of the used (or 
ion-i ''olanted) HLE cell. indeed, an alternate, but not equivalent, 
derivt.tion of (4.5) could follow the reasoning directly above employing 
the near flatness of the quasi-Fermi levels in the emitter region. 


92 


4.3.2 Fabrication 

The fabrication of the CXTI-HLE solar cell is simple. A major 
portion of the devices fabricated in this study are made using the 
following basic processing steps: 

1. Wafer cleaning. 

2. Thermal oxidation of silicon surfaces. 

3. Defining ohmic contact windows on front surface using 
photolithographic process (mask #1) . 

4. Phosphorous diffusion through contact windows. 

5. Low temperature oxygen annealing. 

6. Etching oxides over contact windows. 

7. Metal deposition on front surface. 

8. Defining metal grid pattern on front surface by 
photolithographic process (mask #2). 

9. Lapping the back surface. 

10. Metal deposition on back surface. 

11. Annealing the wafer in forming gas (10% hydrogen, 

90% nitrogen) . 

Details regarding processing temperature and time for devices 
fabricated using the above schedule are summarized in Appendix II and 
Appendix III. We have also fabricated some devices using processing 
schedules that are slightly different from the above and they arc also 
listed in Appendix III. The layout of masks used arc shown in Appendix IV. 

4.3.3 Performance of QCI-HLE Cells 

We now discuss the experimental results of process runs number 25 
and 26. The starting material for run #25 is <111> p-type Czochralski- 
grown wafer with a 10 \im, 1.*. ;rcm n-type arsenic-doi^ed epitaxial 
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layer. Hie p base is boron~doped with a resistivity of 0.14 fl-cm and 
a thickness about 300 ym. The wafer was oxidized in dry oxygen with 
0.3% trichloroethylene (TCK) at 1100“C for three hours to grow a 

O 

2500 A thick oxide. The tomperalure of 1100**C was cliosen for this cell 

to assure a good quality oxide and a low value of surface recombination 

velocity. Holes were opened in the oxide for a phosphorous diffusion 

done at 900®C for 15 minutes. The phosphosilicate glass was etched off 

and the wafer was heat treated in dry oxygen for two hours at 700** C 

to increase the oxide charge [12] . The thin oxide over the contact 

ox 

o 

opening was then etched and the field oxide was thinned to 1100 A 
to in^rove the antireflection properties. An aluminum grid pattern 
was defined photolithographically on the front surface. The back 
surface was lapped in silicon carbide abrasive powder, and aluminum 
was evaporated on the back surface. The wafer was then annealed in 
forming gas at 450®C for 15 minutes. This serves to anneal the surface 
states at the silicon-silicon dioxide interface [17] as well as to 
make the aluminum-silicon contact ohmic. The wafer was then scribed 
into cells of different sizes. It is found that the scribing process 
introduces crystal damages at the periphery of the cell. The effect 
manifests itself as an edge recombination current in the current- 
voltage characteristics of the cell. Although the magnitude of this 
current is insignificant at higher voltages (> 0.6 V), its presence 
at lower voltages can often decrease the fill factor and hinder proper 
data analysis, for example, the determination of the quasi-neutral 
saturation current [16] . To eliminate this current component, all 
finished cells are etched in CP4 solution (3 parts hydrofluoric acid, 

5 parts nitric acid, 3 parts acetic acid) for 10 minutes. The front 
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and back surfaces of the cells are protected by wax while the edges 

are left clear of wax during the etching. 

The base diffusion length measured using the X-ray excitation 

method [19] was L » 20 )im. Measurement of the dark I-V characteristics 
n 

shows that the ideal saturation current (determined by subtracting the 

“is 2 

space-charge-region recombination current (18}) is 2.9x10 ^ Amp/cm 

at 294. 8” K. The corresponding base saturation current at this 
2 -13 2 

temperature, q n^^ 2.8x10 Amp/cm . This demonstrates 

that J << J . Thus the open-circuit voltage V is determined mainly 
£ B OC 

by in this device. The results of the measurements show further 
B 

that the emitter saturation current is suppressed to less than 
-14 2 

about 1.5x10 Amp/cm , assuming an experimental uncertainty of 5\. 

This current component corresponds to a voltage, kT/q ln(J_,/J^) > 720 mV, 

ISO 

2 

for a short-circuit current density J of 35 mA/cm (measured in this 
device) . Thus J is suppressed to values so low that it presents no 

Ct 

barrier to the achievement of V„ “ 700 irV, which is the maximum value 

OC 

of V predicted by classical theory for a O.l fl-cm base resistivity 

CJv. 

for Air-Mass-Zero (AMO) illumination. 

The experimental setup for the V and J measurements is shown 
in Fig. 4.3. The light source is a General Electric 300 watt ELH lamp. 

2 

The standard cell is a diffused HLE solar cell which has * 36.7 niA/cm 

and V = 620 mV at 25®C under AMO conditions as measured by NASA 
OC 

Lewis Research Center. The value of for the standard cell, as 
well as for all cells we measured, are calculated on an per-ef fcctivc- 
area basis. 

For the V measurement, both standard and test cell are placed 

OC 

side by side and the intensity of the light source is adjusted by a 


Cell holder with 
vacuum hold-down 


Standard Test 
cell cell 


Figure 4.3 Experimental setup for and J 


_ measurement 
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variac such that of the standard cell is 620 mV. A reading on 

the test device is then taken. This value of V„ is then the 

of the test cell at 25”C. This method works even when the ambient 

temperature is slightly different from 2S‘c since the change in 

2 

with temperature i : mainly due to the change of n^^ for both the 

standard and the test device. Likewise, for the J measurement, the 

J of the test device, as measured by a high impedance voltmeter across 

the 1 n resistor, is taken when the short-circuit current in the standard 

2 

cell corresponds to a value of 36.7 mA/cm . The experimental accuracy 

2 

is about ± 3mV for V and ±0.3 mA/cm for J , determined by comparing 
with the measurements done at NASA Lewis Research Center on the same 
devices. 

Tlie open-circuit voltage measured on devices of Run #25 is 

= 627 mV at 25°C and AMO illumination, th(. short-circuit current 
OC 

2 

density is J = 35.5 mA/cm . 

For Run #26, the starting material is different from that of Run #25, 

It is a <111> p type Czochralski-grown wafer with a lOym, 0.1 fi-cm 

n-type arsenic-doped epitaxial layer. The p-type substrate is boron-* 

doped with a resistivity of 0.1 fl-cm. The processing schedule for 

Run #26 is summarized in Appendix III. For this device, the emitter 

current again is completely suppressed. The measured V is 634 mV 

2 

at 25®C and is 32.8 mA/cm . Although the base diffusion length 

for these devices is only about 13 ym, the higher doping concentration 

and lower electron diffusivity reduce the base recombination current so 

that V is higher than that of Run #25. The smaller value of J is 
OC bC 

probably due to the heavier doped epitaxial layer and a shorter base 


diffusion length. 
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Although the emitter current is suppressed in these devices^ the 
results suggest that if the base diffusion length of these wafers can 
be improved I better cell performance can be expected. One approach 
would be to modify the fabrication procedures , particularly the higher 
tcm(>orature steps, to achieve a longer base diffusion length. Another 
approach would bo to obtain bettor quality starting material. We will 
discuss these approaches in the next section. 

^•4 Fabrication Considerations for OCI-HLE Junction Solar Cells 
In Section 4.3 we have discussed the experimental results of 
process runs #25 and #26 which were the first runs made. It is noted 
that the degrading effects of heavy doping concentration and large 
surface recombination in the emitter region have been avoided in the 
OCI-HLE junction solar cell so that the open-circuit voltage in these 
cells is determined primarily by the base recombination current. 

However, the base minority-carrier lifetime in these devices is more 
than an order of magnitude lower than that of conventional n^-p solar 
cells fabricated on substrate materials with about the same doping con- 
centration. Diffusion lengths in the substrates of wafers used in 
Run #25 and #26 before processing were about 50 pm and 25 pm respectively, 
compared to a diffusion length of about 100 pm measured on some 0.1 fi-cm 
substrates without the epitaxial layer. The low values of lifetime 

! 

observed in these epitaxial wafers is probably due in part to the poor 
starting substrate, and to the defects or impurities introduced into 
the substrate during the epitaxial growth. The introduction of stacking 
faults during the initial high temperature oxidation can also reduce the 


bulk lifetime. 


In this section we discuss the results of a sequence of device 
runs that employ fabrication schedules designed to improve the bulk 
minority-carrier lifetime compared to the schedules used for Run #2S 
and #26. These methods include the use of phosphorous gcttering for 
metallic impurity removal [20] (Run #27) , lower oxidation temperature 
(Run #31« #32), slow cooling of wafers after high temperature processes 
(Run #35, #36), and prolonged high temperature oxidation in the presence 
of chlorine compounds for annihilation of oxidation- induced stacking 
faults [21-23] (Run #48) . Not all of these methods are suitable for 
the OCI-HLE solar cell fabrication since some of these processes may 
cause degradation in the emitter region, such as an increase in surface 
recombination velocity. Itie purpose of this study is to implement 
the most compatible method to improve the open-circuit voltage of the 
device. The relevant descriptions of the epitaxial wafers used for 
these runs are listed in J^pendix Til. 

To find the bulk lifetime of the starting material, measurements 

were performed utilizing the existing p-n junction between the epitaxial 

layer and the substrate (Run #28) . A low temperature n^ phosphorous 

layer was diffused into the epitaxial wafer. This provides a better 

electrical contact to the lightly-doped epitaxial layer. The la’ r 

at the back side was removed and ohmic contacts at both surfaces of the 

wafer were created by evaporating Ti-Ag to both surfaces. Several 

1 cm X 1 cm diodes were scribed from the middle of the wafer and the 

edges were etched in CP4 solution. Diffusion lengths in these devices 

were measured using the X-ray irradiation technique. The results were 

L = 50 pm for the 0.15 (1-cm bulk material and L = 25 pm for the 
n n 


0.1 n-cm material. 
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We now discuss the results of Run #27, 31, 32, 35, 36, and 48. 

The starting material of Run #27 is the same as Run #26 and except 

for an additional phosphorous gettering step the two runs are identical. 

The bulk diffusion length measured is about 15 pm, which is about the 

same as that for Run #26. While phosphorous gettering is known to 

result in significant improvement of bulk lifetime in lightly-* doped 

materials [24] , the ineffectiveness of this method to improve the bulk 

properties of these heavier^doped substances suggests that metallic 

impurities are not the dominant factors limiting the bulk lifetime in 

these materials. The result is consistent with the observed decrease 

/ 

in bulk diffusion length with higher substrate doping concentrations [25]. 

Run #31 and #32 investigate the possibility of improving bulk 
lifetime using lower oxidation temperatures. The main differences 
between these runs and the previous ones are the 900^C wet oxidation 
step (Run #31) and the 800^C dr/ oxidation step (Run #32) . Details of 
the fabrication schedule are summarized in Appendix III. The diffusion 
lengths measured on these devices are low in comparison with that of 
Run #28. The open-circuit voltages of these devices are also low. 

Analysis of dark I-V characteristics [18] shows that the recombination 
current in the emitter region is significant. The results are displayed 
in Table 4.1. The low values of open-circuit voltages observed suggests 
the presence of a high density of surface states at the silicon-silicon 
dioxide interface as indicated by a control MOS capacitor made on 
1 D-cm n-type wafers as shown in Fig. 4.4. 

In Run #35 the epitaxial wafers are cooled slowly in nitrogen 
after the 1100**C oxidation and the 850^C phosphorous diffusion. In 



>• 
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Run Nib the wafers were cooled in an oxygen ambient. For devices of 

Run #3S, the diffusion lengths measured were L « S4 pm for cells 

n 

fabricated on 0.15 Q>cm substrate and L » 21 pm for cello fabricated 

n 

on 0.1 n-cm substrate. If the emitter recombination current is 

suppressed and the space*charge region recombination current is small, 

the opcn>circuit voltages of these devices would be about 660 mV and 

650 mV ac 25*C respectively. However, the observed is only 604 mV 

for cells made on the 0.15 n-cm material and 623 mV for cells made on 

the 0.1 0>cm material. Analysis of dark 2-V characteristics reveals 

that the emitter recombination current in these devices constitutes 

about 90% and 60%, respectively, of the total quasi-neutral region 

recombination current. The results again suggest the influence of 

surface states associated with low temperature oxides (12,13]. The 

diffusion length for devices of Run 436 is L » 35 pm for the 0.15 0-cm 

n 

material. The degradation in is probably due to prolonged heat 
treatment in oxygen. 

In Run #48 the wafers are oxidized in 1150**C for 5 hours with 

1.5 i/min dry oxygen with 0.3% TCE. An oxidation time of five hours was 

chosen with the intent to suppress the oxidation- induced stacking 

faults (OISF) r21,22]. Following the standard n^ contact diffusion the 

phosphosilicate glass is etchud off and the wafers are annealed in dry 

oxygen at 700*C for 2 hours. The diffusion lengths for this run are 

L a 50 pm for the 0.15 fi-cm material and L a 23 pm for the 0.1 0-cm 
n n 

material. Although we have obtained long diffusion lengths for 
these materials, the open-circuit voltages of these devices are still 
low. They are 606 mV and 622 mV respectively. Capacitance-Voltage 
measurement on control Mo;i capacitors made on 1 fl-cm n-type wafers 
indicates the surface state density is low, as would be expected for 
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higher toirperature oxide* (Fig. 4.4). The low value* of V ar* d\M 

wV 

to an inadequate deneity of oxide charge to Induce a eufflclent high* 
low barrier (QQjj/q*4.2xlO^^ cm”^). In Run «5l %f* repeat Run 448 
except the wafer* ar* annealed in dry oxygen at 700* C for 12>i hours to 
allow store time to form the oxide charge* (Q^^/q*5.5xl0 cm ). The 
reeult* are L « 34 ym, V„ • 63$ mV for the 0.1$ Q*em material and 

XI QC 

L * 16 ym» • 639 mV for the 0.1 Q*cm material. Me have alao 

fabricated device* u*ing epitaxial wafer* with heavilydoped (0.02$ 

n-cm) aubatrate*. V^ of 640 mV ha* been obtained. These result* 

emphasize the importance of the properties of the front surface. 

Although the value* of L are smaller for Run i$l than Run 448, value* 

n 

for V^ are higher due to a tnou effective high-lw barrier. 

Me have discussed several approaches of OCl-HLE solar coll 

fabrication to improve the open*circuit voltage. It is inr^ortant that 

these devices have a well passivated surface with low recombination 

velocity as well as long diffusion length in the substrate for good cell 

performance. Oxidation in dry oicygen at elevated ten^raturss with TCC« 

followed by low temperature dry oxygen annealing was found to be the 

best approach for the silicon materials used in this study. In Table 4.1 

we sunmarize all pertinent results obtained for the devices under study. 

In Table 4.2 we characterize the surface properties of the OCI-HLE 

solar cells under study. The oxide charge density Q.^/q is obtained 

from the flatband voltage shift in the C-V plot for control HOS 

capacitors, the electron concentration at the surface N follows from 

8 

classical M06 theory (26 ] , and the surface recombinati i velocity S 

P 

is evaluated using (4.6). 
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Tabic 4.1 Fx|>orinicntal Results of OCI-HLE Solar Cells Performance. 

Data with Asterisk Were Measured at NASA Lewis Research 
Center. 


Run # 

Wafer 

Substrate 
Resistivity 
(Dy Four Point 
Probe Method) 

Device 

Area 

Non-Me tall! zed 
Surface Area 

Measurement 

Temperature 




2 

A(cm ) 

A (cm^) 

e 

T(K) 

25 

9900AP 

0.14 

0.99 

0.75 

294.8 

26 

MONSANTO 

■ 0.10 

1.00 

0.83 

293.2 

27 

^K)NSANTO 

0.10 

0.72 

0.58 

293.4 

28 

9900AQ 

0.14 

1.00 

0 



MONSANTO 

0.10 

1.00 

0 


31 

9900AP 

0.14 

1.65 

1,30 

295.2 


9900AQ 

0.14 

1.59 

1.26 

294.8 

32 

9900AQ 

0.15 

0.90 

0.77 

292,6 

35 

9900AP 

0.14 

0.91 

0.76 

293.4 


MONSANTO 

0.10 

1.89 

1,56 

293.5 

36 

9900AP 

0.14 

1.21 

0.97 

293.4 

48 

9900AP 

0.14 

0.84 

0.68 

292.7 


MONSANTO 

0.10 

0.98 

0.79 

293.4 

51 

9900AP 

0.14 

0.95 

0.77 

292.6 


MC^SANTO 

0.10 

0.95 

0.80 

293.5 


MOTOROLA 

0.024 

1.91 

1.68 

293.1 


94 


Table 4.1 (extended) 


L 

n 

■^QNO 

•^BO 


V 1 
OC'25*C 

's(/% 

Pill 

Factor 

(ym) 

2 

(Amp/cm ) 

2 

(Amp/cm ) 

(Amp/cm ) (mV) 

2 

(mA/cm ) 


20.1 

2.86xl0‘^^ 

2.83xl0"^^ 

<1.5x10 

-14 * 

627 

35.5 

0.7C2* 

13.5 

1.90x10"^^ 

1.90x10"^^ 

<1.0x10 

634* 

32.8* 

O.SOl* 

14.1 

1.87x10*^^ 

1.87x10"^^ 

<1.0x10 

635 

32.8 



49.4 


26.6 


19.3 

1.40x10“^^ 

2.94x10"^^ 

l.llxio"^^ 

584 

32.2 


9.6 

3.39xl0~^^ 

5.94xl0~^^ 

2.80x10"^^ 

566 

29.4 


26.3 

7.50x10"^^ 

1.61x10“^^ 

5.89xl0~^^ 

603 

28.7 


53.5 

7.93x10’^^ 

-14 

8.36x10 

7.10x10"^^ 

605 

35.2 


21.0 

3.16x10"^^ 

1.28x10"^^ 

1.88x10"^^ 

623 

31.3 


34.5 

7.05x10"^^ 

1.30x10“^^ 

5.75x10"^^ 

602 

33.6 


49.9 

5.62x10"^^ 

7.83x10"^^ 

4.84x10“^^ 

606 

34.6 


22.7 

3.85x10'^^ 

1.16x10"^^ 

2.69x10"^^ 

622 

32.7 


33.8 

1.73x10"^^ 

1.20x10"^^ 

-14 

5.30x10 

* 

635 

36.0* 

0.717* 

17.0 

2.13x10”^^ 

1.60x10"^^ 

-14 

5.30x10 

* 

639 

* 

34.3 

0.806* 

'V2.5 

1.25x10"^^ 

-14 

4.00x10 

-14 

8.50x10 

640* 

29.x* 

0.739* 








Table 4.2 Characterization of Surface Properties of OCl-HLE 
Solar Cells Fabricated. 


Run # 

Wafer 

Q^^/q (cm-2) 

N (cm 
s 

S (cm /sec)^ 
P 

25 

9900AP 

4.8x10^^ 

6.9x10^^ 

8.7x10^ 

31 

9900AP 

5.8x10^^ 

1.0x10^® 

9.1x10^ 


9900AO 

5.8x10^^ 

1.0x10^® 

2.4x10^ 

32 

9900AQ 

3.3x10^^ 

3.3x10^^ 

2.4x10^ 

35 

9900AP 

5.9x10^^ 

1.1x10^® 

6.2x10^ 


MONSANTO 

5.9x10^^ 

1.3x10^® 

2.6x10^ 

36 

9900AP 

8.5x10^^ 

18 

2.2x10 

1.3x10^ 

4U 

9900AP 

4.2x10^^ 

5.2x10^^ 

3.1xlo'* 


MONSANTO 

4.2x10^^ 

7.7x10*^^ 

2.2x10^ 

51 

9900AP 

5.5x10^^ 

9.3x10^^ 

6.1x10^ 


MONSANTO 

5.5x10^^ 

1.2x10^® 

7.2x10^ 


MOTOROLA 

1 .Lx]0^ ^ 

2.4x10^^ 

2.3x10^ 


* UPPKR limit (rocomlii nation losses in the n-type epitaxial 
layer neqlected) 
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4.5 Mdltlonal Experiments 

About 20 additional runs were made using wet oxidation in a 

temperature range of 1100-1I50*C. The oxidation time was 15-45 min. 

Best results obtained using wet oxides to date were: (a) V “ 647 mV 

for a Motorola wafer described in Appendix III with base resistivity 

of 0e024 Qcm, and (b) V * 643 mV for wafer with 0.1 Qcm base resis* 

OC 

tivity and an 8 (im, 0,15 0cm epitaxial layer. These results are repro** 
ducible and were repeated at least five times. The values of using 
wet oxides were always above 640 mV in all runs. 

Wet oxidation at high temperatures has several advantages compared 
to dry oxidation for the fabrication of the CXTI-^HLE cells: 

o 

(a) Shorter oxidation times are required to grow about 2000 A 
SiO^* This will reduce the deunage to both the substrate and 
epitaxial layers that results from long ('^5 hrs) d.'y thermal 
oxidation. 

(b) Oxidation temperatures of about llOO^C were sufficient to 
obtain = 640 mV compared to 1150**C required for diry oxide. 

(c) Wet oxides have a smaller density of surface states at the 
Si-Si 02 interface and a higher density of oxide charge, 
resulting in smaller values for 

One fabrication run using a diffused n^n HLE junction was done. 

This run used the 0.1 Jlcm p-type Monsanto substrate (Appendix III). 

Phosphorous was diffused into the entire area of the epitaxial emitter 

at 850“C for 15 min, followed by a thermal oxidation at 900®C for 10 min 

in a dry-wet oxygen ambient. This device had V = 625 mV and a dark 

-IS 2 

emitter recombination current . 3 x 10 A/cm at 25*C, AMO. 
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APPENDIX I 


PROGRAM TO ANALYZE TRANSISTOR AND DIODE I-V CHARACTERISTIC 


DIMENSION V(IOO) , AMP (100) ,X(100) ,Y(100) 

REAL MX,IXO,IX,ID, ISAT 
CHARACTER*10 DEVICE, DATE 

1 FORMAT(P10.3) 

2 FORMAT (2F10. 2, 110) 

3 FORMAT (8E10. 3) 

4 FORMAT(9X,'V’,12X,’I(DATA)',9X,' ISAT '/) 

5 FORKAT(F10.3,IPE20.4) 

6 FORMAT(F10.3 1PE20.4,E16.4) 

7 FORMATCO',* T=* ,F9.3/) 

8 FORMATCO',' MX=' ,F8. 3, 2X, ' 1X0=’ , IPEll. 4) 

111 FORMATCl', 'DATE;', AlO,' DEVICE NUMBER: ' ,A10, 

1//1X, 'SOLAR CELL PROJECT, UNIVERSITY OF FLORIDA,', 

1' GAINESVILLE, FLORIDA' //IX, 'PROGRAM PA05 I-V DATA', 

1' FITTING'///) 

222 FORMAT (2A10) 

C 

C THIS PROGRAM COMPUTES MX AND IXO FROM A SET OF PRECHOSEN I-V DATA 
C POINTS AT LOWER BIASES WITH INITIAL VALUE AT VI AND SUBSEQUENT VALUES 
C AT DVl APART. THE CONTRIBUTION OF THIS COMPONENT AT HIGHER BIASES 
C IS SUBTRACTED FROM THE ACTUAL MEASURED DATAS AT HIGHER BIASES 
C (STARTING AT V2 WITH AN INCREMENT OF DV2) TO OBTAIN THE DIFFUSION 
C COMPONENT ID. ISAT IS CALCULATED USING ISAT = ID/EXP (V/VT) 

C N1 = NUMBER OF DATA POINTS FOR MX, IXO FIT 
C N2 = NUMBER OF DATA POINTS FOR ISAT CALCULATION 
C MX = SLOPE FACTOR OF LOWER PORTION OF I-V CURVE 
C IXO = PRE-EXPONENTIAL FACTOR FOR LOWER PORTION OF I-V CURVE 
C IX = SPACE-CHARGE COMPONENT AT BIAS V 
C ID = DIFFUSION COMPONENT AT BIAS V 
C VT * KT/Q 

C ISAT ■= ESTIt^lATED DIFFUSION SATURATION CURRENT. THERE WILL BE A 
C RANGE OP VOLTAGES THAT ISAT IS APPROXIMATELY CONSTANT (VALUES 

C OF ISAT AT LOWER BIASES CALCUMTED USING THIS ALGORITHM ARE NOT 

C THE REAL VALUES OF DIFFUSION SATURATION CURRENT DUE TO THE 

C DOMINANCE OF SPACE-CHARGE RECOMBINATION CURRENT AND VALUES OF 

C ISAT AT HIGHER VOLTAGES ARE ALSO NOT THE TRUE VALUES OF DIFFUSION 

C SATYRATUIB CURRENT DUE TO THE EFFECTS OF SERIES RESISTANCE) . 

C A SINGLE VALUE OF ISAT CAN BE OBTAINED BY AVERAGING ALL VALUES 

C OF ISAT IN THE VOLTAGE RANGE WHERE THEY ARE APPROXIMATELY 

C CONSTANT. 

C 

888 READ (5, 2 22) DEVICE, DATE 
READ(5,1) T 


100 


IF(T.LE.O) GO TO 999 
READ(5»2) Vl,DVi,Ml 
READ(5,3) (AMP(1),1»1,N1) 
VT»T*8.616E“5 
DO 10 X-1,N1 
V(1)-V1+(1-1)*DV1 
X(I)»V(1)/VT 
10 Y(I)«ALOG(AHP(l)) 

CALL LSQ3(X,y,Nl,MX,IX0) 
IXO»EXP(IXO) 

WR1TE(6,111) DATE, DEVICE 
WRITE (6, 4) 

DO 20 I>1,M1 

20 WRITE (6, 5) V(I),AMP(1) 
READ(5,2) V2,DV2,N2 
READ(5,3) (AMP(I),I»1,N2) 

DO 30 1*1, N2 
V(I)«V2+{I-1)*DV2 
IX»1X0*EXP(V(I)/ (MX*VT) ) 
ID«AMP(I)-IX 
ISAT-ID/EXP (V ( 1) /VT) 

30 WRITE(6,6) V(I) ,AMP(I) ,ISAT 
WRITE(6,7) T 
WRITE (6, 8) HX,IXO 
GO TO 888 
999 STOP 
END 

SUBROUTINE LSQ3(X,Y,N,A,B) 
DIMENSION X(N) ,Y(N) ,XN(30) 
XBAR*0 
DO 10 1«1,N 
10 XBAR«XBAR-t-X(I) 

XBAR-XBAR/N 

p«0 

FXl-0 

X2-0 

DO 20 I»1,N 

XN(1)«X(I)-XDAR 

FX1»FX1+Y(I)*XN(I) 

F«F+Y(I) 

20 X2»X2+XN(I)*XN(I) 

A-FX1/X2 

B»F/N 

B-B-A*XBAR 

A-l./A 

RETURN 

END 
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APPENDIX XI 

STANDARD WAFER CLEANING PROCESS 

1. Scrub with cotton swab soaked with TCE. 

2. Boil in TCE, 5 min. 

3. Boil in ACE, 5 min. 

4. Boil in methyl alcohol, 5 min. 

5. Rinse in deionized water, 5 min. 

6. Dip. in 1HCL:1I<202:6K20 solution at 80*C, 15 min. 

7. Rinse in deionized water, 5 min. 

8. Deglaze in IHPilOH^O solution, 10 sec. 

9. Rinse in deionized water, 5 min. 

10. Spin dry with N^ gas flow. 









APPENDIX XXX 

PABRICATXON SCHEDULE FOR OXIDE-CHARGB*XNDUCED 
HXGH-LOW EHXTTER JUNCTXON SOLAR CELL 

We have fabricated OCI-HX<B eolar celle on several types of wafers. 

We will identify them as follows: 

1. 9900AP - 1.5 Q^cm, 10 um thick n-type arsenic-doped 

epitaxial layer on 300 |im thick <111> 0.15 Q-cm 
boron-doped Czochralskl-growth substrate. 

2. 9900AQ - 1.5 0-cm, 4 Mm thick n-type arsenic-doped 

epitaxial layer on 300 pm thick <111> 0.15 fl-cm 
boron-doped Czochralski-grown substrate. 

3. MONSANTO- 0.1 O-cm, 10 pm arsenic-doped epitaxial layer on 

300 pm thick <111> 0.1 Q-cm boron-doped 
Czochralski-grown substrate. 

4. MOTOROLA- 0.15 O-cm, 5 pm n-type epitaxial layer on 500 pm 

thick <100> 0.025 0-cm boron-doped Czochralski- 
grown substrate. 

In the following process runs all push-in and pull-out of wafers 

/ 

for the oxidation, phosphorous diffusion, and oxygen annealing processes 
are done in a nitrogen ambient in about 5 min unless otherwise specified. 
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Run #25 

O 

Wafor: 9000AP with 5000 A of chomical-vapor-deposited (CVO) 

oxide on front surface. 

Steps : 

1. Phosphorous gettering: 1100‘Cf 3 hr. 

2. Etch oxides from both sides. 

3. Standard wafer clearning (Appendix II). 

4. Oxidation: llOO'c, 3 hr with 1 l/min dry and 5 cc/min 

bubbling through TCE. Oxide thickness 2500 A. 

5. Define front contact openings using mask #1. 

6. Standard wafer cleaning. 

7. Phosphorous diffusion through contact openings: 900*C, 15 min 

with 20 cc/min bubbling through POCl^ at 30*C, 100 cc/min 0 ^, 
and 1.5 i/min as carrier gas. s 30 Q/sguare. 

8. Etch phosphosilicate glass in BOE etch for 10 sec. 

9. Oxygen anneal: 700*C, 2 hr with 1.5 ’/min dry Oj. 

e 

10* Oxide etch until field oxide reaches 1100 A. 

11. Aluminum deposition on front surface. 

12. Define metal grid pattern using mask ^12. 

13. Remove the n^ diffusion from the backside by lapping with 
silicon carbide abrasive powder. 

14. Aluminum deposition on back surface* 

1 . . Forming gas anneal (10% H . 90% N ) ; 450'^C, 15 min. 

16. Scribing and edge etching. 
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Run >26 

Wafer: MONSANTO 

Steps : 

Standard wafer cleaning. 

Oxidation: 1100*Cf 7 hr with 1 i/min dry 0^ and 5 cc/min N^ 

*• • 

bubbling through TCE. Oxide thickness ■ 3750 A. 

Define front contact openings using mask II. 

Standard wafer cleaning. 

Phosphorous diffusior. through contact openings: 900*C, 20 lain 
with 20 cc/min N^ bubbling through POCl^ at 30*C, 100 cc/min O^f 
and 1.5 i/min N^ as carrier gas. R^ » 25 Q/square. 

Oxygen annealing: 700*C, 10 hr with 1.5 i/min dry O^. 

Etch oxide until field oxide is about 1100 A. 

Aluminum deposition on front surface. 

Define metal grid pattern using mask #2. 

Lapping the back surface. 

Aluminum deposition on back surface. 

Forming gas anneal: 450*C, 15 min. 

Scribing and edge etching. 


lost 


Run #27 ; Effect of phosphorous gottering on bulk lifstlsis 
Wafer: HCVtSANTO 

Steps: ’ 

Standard wafer cleaning. 

Oxidation: 1100*C, 7 hr with 1 i/min dry 0^ and S ee/min 

bubbling through TCB. 

Remove oxide at the back surface. 

Phosphorous gettering: 1000*C» 4S min with 20 ce/min N. bubbling 

j . ’ 

throum POCl^ at 30*C> 100 cc/min O^, and l.S t/mln as carrier 
gas. ' 

See steps 3 > 13 of Run #26. 


^ =• 
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Run 126 > Dsturminatlon of bulk lifetime in «tertin 9 wafer* 

Wafer: '9900AQ, MONSANTO 

Stops: 

1. Standard wafer cleaning. 

2. Pho~r-horous diffusion: 850*C, 15 min. 

3. Etch oxides from both sides. 

4. Remove n^ diffusion from back side. 

5. Evaporate aluminum on both front and back surfaces. 

6. Scribing and edge etching. 
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Run »31 » Oxidation (wet) at lower tenqperature (900 C) 

Wafer: 9900AP, 9900AQ, both with CVD oxide on front surface. 

Steps : 

Define contact windows through CVO oxide for n^ contact diffusion. 
Standard wafer cleaning. 

Phosphorous diffusion: 8S0*C, 15 Biin with the same flow rates ' 

and source teiqperature as previous runs. Cool wafers down to 
700*C in (90 min) . 

Strip' oxides on both surfaces. 

Oxidation: 900*C« 5 min dry oxidation, 10 min wet oxidation, 

5 min dry oxidation. Wafers cooled to 700*C in dry O 2 (900*C) . 
Reopen contact windows using mask ffl. 

Standard metallization and annealing process (steps 11-16 of 
Run #25) . 
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Run #32 ; Oxidation (dry) at lower ten^rature (800*C) 

Wafer > 9900AQ with CVD oxide on front surface. 

Stops t 

Seo steps 1 - 4 of Run #31. 

Oxidation: 800*C» 16 hr and cool wafers down to 700*C in 

in 1 hr then in 0^ for 2 hr at 700*C in same furnace. 
Reopen contact windows using mask #1. 

Standard metallization and annealing process (steps 11 16 


of Run #25) 
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Run #35 : Slow cooling of wafers in N, after high tenperature 

processes 

Wafers 9900AP« MONSANTO 
Steps : 

1. Standard wafer clewing. 

2. Oxidation: llOO’c, 3 hr with 1 i/nsin dry 0^ and S cc/sdn 

bubbling through TCE. Cool wafers down to 1000*C at 0.5*C/sdn 
and to 900*C at 1.5*C/min and then to 700*C in 90 min. The 
cooling was doQe in a nitrogen ambient. 

3. Define contact openings using mask #1. 

4. Standard wafer cleaning. 

5. Phosphorous diffusion: 850*C, 20 min. Cool wafers down to 

700*C in Nj in 90 min. 

O 

6. Etch oxide until field oxide is about 1100 A. 

7. Oxygen annealing: 700°C, 2 hr. 

8 . Et(d) thin oxide over contact windows . 

9. Standard metallization and annealing process (as steps 11 -> 16 


of Run #25) 


Run #36: Slow cooling of wafers in O. after high ten^rature 

processes. 

Wafer: 9900AP 

Steps : 

Standard wafer cleaning. 

Oxidation: llOO^C, 3 hrs with 1 1/min dry and 5 cc/min 

bubbling through TCE. Cool wafers down to 1000”c at 0.5°C/min 
and to 900*C at 1.5"C/min and then to 700*’c in 90 min. Hie 
cooling was done in an oxygen ambient. 

Define contact openings using mask #1. 

Standard wafer cleaning. 

Phosphorous diffusion: 850"c, 20 min. Cool wafers down to 

700*C in in 90 min. 

O 

Etch oxide until field oxide is about 1100 A. 

Standard metallization and annealing process (as steps 11 - 16 


of Run #25) . 
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Run »48 : Oxidation with TCE at 1150*C 

Wafer t 9900AP, MONSANTO 
Steps : 

1. Standard wafer cleaning. 

2. Oxidation: 1150*C, 5 hr with 1.5 1/min dry 0^ and 3cc/min 

N^ bubbling through TCE. 

3. Define front contact openings using nask 91. 

4. Standard wafer cleaning. 

5. Phosphorous diffusion: 850*C, 20 siin. 

6. Oxygen annealing: 700*C( 2 hr. 

a 

7. Oxide etch until field oxide reaches 1100 A. 

8. Usual metallization and annealing process (steps 11 - 16 of 


Run #25) . 
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R un »5I 

Wafer: 9900AP, MONSANTO, MOTOROLA 

Stops: 

As Run #46 except the wafers are annealed in dry oxygen at 


700*C for 12^ hours in Step 8. 
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APPENDIX IV 

LAYOUT OF MASKS USED IN SOLAR CELLS FABRICATION 

We use photolithographic techniques to define the contact openings 
to the front emitter surface and also the metal grid pattern on the 
front surface. The layout of masks used are shown below. The shaded 
areas correspond to the darkened area in the wmilsion plate. Nayeost 
negative photoresist is used throughout. 


20 mil 

-H N- 



Mask #1: Mask used for contact oi>enings to the front emitter 

surface. It consists of thirty nine 2 mil x 800 mil 
strips, with 20 mil center to center spacing. 





CHAPTER 5 


DETERMINATION OF LIFETIMES AND RECOMBINATION 
CURRENTS IN p-n JUNCTION SOLAR CELLS AND DIODES 
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I. INTRODUCTION 

The nlnoricy carrier bate diffusion length la an Important material para- 
meter determining the performance of solar cells. Very long diffusion lengths, 
longer than the base width, are desirable for the successful operation of 
BSP, IBC, FSF, and TJ cells [1] - [A]. Such long diffusion lengths are 
necessary to achieve large values of the short circuit current J , to 

Sv* 

minimize the base dark current, and thus lead to large cell efficiency n • 

A long diffusion length Is also necessary In the emitter of the HLE cell 
[5] for similar reasons. 

Numerous methods exist to measure the base diffusion length [6,7]. 

These methods are based on the measurement of some device parameter, such as 

current, capacitance, etc., which Is dependent on L^. To measure accurately, 

Lg has to be smaller than the base width W^, i.e., ^ ^ 3 * ^n this case, the 

minority carriers recombine within the base without interacting with a back 

contact. If, however, ^ ^3 minority carriers Interact with the back 

contact and the measured parameter is dependent on a slowly varying (hyper- 

[7]. If Lg > Wg, the measured parameters depends on 

only, and is Independent of L_. Thus, existing methods of measurement do not 

o 

work well for cells with Lg > Wg. 

An accurate knowledge of Lg Is still very important even If Lg > Wg, 
since the dark base recombination current Q./t- can still significantly contri- 

O D 

bate to the total dark current of the device. 

In this paper, methods for the accurate measurement of L In a narrow 
region W In cells for which L > W are described. The methods are applicable 
to essentially all cells and diodes with a narrow region either In the base 
or in the emitter. 

The first method, described In Section II, is based on basewidth^modulatlon 
of n-p-n or p-n-p transistor-like structures. The method involv<*s t"easurement 
of the low-frequency small signal conductances which arise from the basewidth- 


bolic) function of 
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modul«t4.on by a small ac signal. TJ cells are directly applicable for the 
method, since they are, in esaence, transistor structures. For other cells, 
transistor-like structures can be obtained by modification of the cell struc- 
tures done at low temperature. The method requires only a knowledge of the 
base width and the base doping, and the accuracy is better than about 4 lOZ. 

The method applies for both high and low levels of carrier injection. 

Section III discusses the small-signal admittance method. This method 
can be applied to practically any cell with a narrow region either in the 
base, or in the emitter which is the case for the HLE cell [5]. It also leads 
to determination of the recombination velocity at the back of the narrow region. 
Section IV describes e simple method to determine the diffusion length, which 
is based on measurements of dc currents on two related structures. 

Based on an accurate knowledge of L, a simple analysis of the cells can be 
made. This analysis, described in Section V, uses measurement of dark currents and 
Btnall-signal admittance, and leads to determination of the recombination currents 
in each region of the cell. Section VI shows Illustrative examples of the analysis 
of three cells: n'*’-p-n^ TJ cell, n^-p-p^ BSP cell, and p^-n-n^ BSF cell. 

Section VII discusses the accuracy of the measurements. 

II. BASEWIDTH^ODULATION METHOD 
A. Minority carrier lifetime 

The basewidth-modulatlon (BUM) method for determination of the minority 
carrier base lifetime of Junction transistors was recently published (8). This 
method is applied here for the case of very wide base regions in solar cells. 

The method is also extended to determine the recombination currents In the 
quasi-neutral emitter and collector regions of the cells. 

The basewldth— modulation effects urlse from voltages appearing 
across the base-collector Junction of the transistor. Any change in the base- 
collector voltage will produce a change in the width of the Junction space- 
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ch«rge-r«gion (SCR) which* In turn* products a change in the width* W^* of the 
quaai-neutral bast (QNB) region* ta illustrated in Fig.l for an n -p-n 
transistor. The change in the base width, dU^* produces three effects: 
a) the amount of excess minority carrier (electron ) charge stored in the 
Qm changes by AQ,; b) the component of the base current due to recombinao 

O 

tion within the QHB changes by and c) the collector current changes 

because of the change in the slope of the excess minority electron distribu- 
tion N(x) in the base. 

The BVM effects can be detected by measuring a low-frequency small-signal 
output conductance and a reverse transconduccance [2] of the device: 


ce 

1, 
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c - ~ 
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BE 
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( 1 ) 


( 2 ) 


BE 


and G^ result from modulation of the base width by a small ac signal 

applied between the collector and emitter terminals with base-emitter voltege 

Vf.- kept constant. For an n-p-n transistor (for example) with a uniform base 

doping N^, under condition of low-injection and negligible recombination in 

the QNB (L »W_)* the charge-control minority carrier (electron) lifetime t 
no n 


is [8] 


where 


G 

r 


w; 


2D_ 


(3) 


(4) 


is the minority-carrier transit time across the QNB and is the electron diffu- 
sion coefficient. The minus sign in (3) results from the fact that is negative. 
G^ and G^ are both proportional to exp(qV^g/kT) [8]. The minority carrier lifetime 
in the base can thus be determined by measuring G^ and G^ and calculating Tp 
from the base width and base doping. 
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Thli Mthod can ba axeandad for uaa undar tha eondltloti of high* 
Injaction occuring in tha p-typa baaa. In high injection (9] 


9V, 


BE 


N(0) « n^axp 


Using (5), we obtain for tha collector and base currents: 


h‘ 




exp 


2kT 




2kT 


where ^ is the high>injaction lifetisM (9). 

n n p 


Using (1) and (2) wa obtain: 


T - 1 -» 

H " T F 6 

r 


(5) 

(6) 

(7) 

( 8 ) 


This expression is similar to (3) for the low-injection case except for a fac- 
tor of 1/2. Note also that C and C are both proportional to expCqV /2kT) 

or Bt 

in high-ini action (9]. Equation (6) is valid if W < L and if the recombination 
current in the emitter is negligible [9]. This will apply to many devices with 
a wide low-doped base region. If the above conditions do not apply, then a more 
general solution is required to obtain [9]. 

Our treatment was restricted so far to the case for which 
ifcsulting in a linear dependence of M(x) on distance within the base. The method, 


however, is applicable also for L ' W^. It can be easily shown that for this 


general case: 


U 

cosh ^ 
n 


(9) 


sinh 


2L 


This expression converges tc (3) for < 1. For Wjj/L^ 


1, the difference 


between L determined from (3) and (9) is only about 82, l.e., for W " I. , 
n 


(3) CM be used with only a small error# 
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Conductanc«t and art dut only to changaa in tha QNB ragion providad 
ia low anough to ntaka tha ganaration eurranta In tha collactor daplatlon 
layer negligible. They are indapandant of tha racombination currants in tha 
emitter and in the baee-emittar apaea-charga region, since V__ la held con> 

PC 

atant. Therefore, and will follow tha ideal exp(qVg^/kT) dependence in 
low-injaction and exp(qV^g/2kT) dependence in high-injection. This ideal 


exponential dependence of both and on voltage serves as a vary convenient 
self-cons latency maasuramant cheek of tha method. This check also assares 
us that series resistance is low enough, mainly in high-injection, to validate 
the assumptions underlying the method. 

B. Determination of the emitter current 

Once the base lifetime, is measured using the BWM technique, the emitter 
contribution to the base current can be easily found. Th.. toie.l mnr*^ d base 


current I__ for forward-Sctlve operation in low-injection is [10,11] 

” 'n 'e 'sc* 


( 10 ) 


where Q^, and are the excess minority carrier charges in the base, emit- 
ter, and SCR, respectively; and t ,t,, and respective charge-control 

fl E SuR 

time constants. The SCR recombination current removed from 

the measured characteristic by an appropriate subtraction [10,11] . The 

D o£ 

remaining base saturation current, is then 


I « 

*“ 'e 


( 11 ) 


where and are the minority charges at equilibrium: exp(qV„p/kT) , 


"EO 


B 


"BO 


BE' 


«E ‘ ’’eO 

The ideal common emitter current gain is gl' :n by [ll-l 

I, 


CO 

^0 


^BO^^n ^EO^^E 


hpg (ideal) 


( 12 ) 
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Solving for Q£q/‘^£ combining with (3)» the recomb inet ion current 
occuring within the quasi-neutral emitter is 


V . «B0 / A 


(13) 


Qeo/‘^£ Is thus found by combining the small-signal ac measurements with 

dc characteristics of the transistor 

For a transistor with negligible recombination losses in the emitter* 

(14) 


Q-o/Tp T 

h^(idMi) - .Mr . ^ 
^BO' n P 


in accord with conventional transistor theory. The minority carrier base lifetime 
is then simply h^g (ideal). This provides a method for finding that 

is an alternative to that based on (3). But finding h__(ideal) requires sub- 
traction of the SCR current component from I_ . This subtraction is subject to 
errors depending on magnitude and voltage dependence of components in (10). 

Thus, the method based on (3) is the more accurate method. 

*4* 

The current due to recombination in the n -collector quasi-neutral region 
can be measured by reversing the roles of collector and emitter and using 
(13) again. 


III. SMALL-SIGNAL AIMITTANCE METHOD 
A. Minority carrier lifetime 

The BWM technique described in the previous section is directly applica- 
ble for TJ cells, since the TJ cell is actually a transistor-like structure. It 
cannot, however, be applied directly to some other cells with a narrow base or 
emitter region which are diode structures only, without a collector. Tn these 
cases, a different measurement method has to be used. In this section we 
present a method applicable to all cells with a narrow base or emitter region. 


Fig. 2 shows two different cells with either narrow base, BSF cell— Flg« 2(a), 
or narrow emitter, HLE cell — Fig. 2(b). In both cases a high-low Junctira exists 
in the narrow region of the cell, and is characterized by an effective surface 


recombination velocity the minority carriers. Fig. 2(c) shows the basic 

structure of the IBC, FSF, and TJ cells [2,3,4]. In this structure both the n^- 
rcgion and the contacts to the base are on the bottom nonilluminated surface. 
The p*** regions cover only a small portion (*vlOZ) of the total area. The top 
illuminated surface is left floating and is characterized by the surface recom- 
bination velocity S for the IBC cell. If a p^-p junction (FSF cell) or a n^-p 
junction (TJ cell) is used on the top surface, then the surface region can be 
characterized by an effectl>/e surface recombination velocity Due to 

structural similarities which are evident in Fig. 2, the cells shown in Fig. 2 
will all have a similar treatment for the narrow region small-signal admittance. 
The treatment shown below is done for a n^-p-p^ BSF cell as an illustration. 

Consider, for example, a n^-p-p^ BSF cell. Fig. 3, with a base width 
and minority carrier base lifetime corresponding to the diffusion length 


L “ /D X . The electron current at the high-low junction (x ■ W ) is [12] 
n n n p 




(15) 


where is the effective surface recombination velocity for electrons at 

X ■ W . By solving a continuity equation [13] in low-injection for an ac signal 
P 

superimposed on a steady forward bias, and using boundary condition (IS), we 

can derive the expressions for the small-signal quasi-neutral base capacitance 

and conductance G_.,„ valid for a low frequency signal with u)t << 1: 

QNo ejNo n 


AqD 

. S. -llLl 

"QNB kT 2N. .L 
^ AA n 


W D L W S^,. D W 

-JLJl _ _n_P_eff _ 5 7 ^ + S ,, coth ^ 

L D eff n L eff L r 

n n jn n f 

- W /D W \2 D W P 

2 slnh 7 ^ 7 ^ coth + S _.] r— coth ^ + S ,, 
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« AqD n. 
' . _a. n 1 

'QNB kT L N^r 
n AA 


D W 

f htf ^ 

n n 


D W 

“ coth 7 ^ + S -- 
L L eff 

n n 


E 


exp(g) - 1 


(17) 


The expression for can be simplified for the following conditions: 


W /L ^ 1 
P n 

S * - 100 cm/ sec 

eff 


(18) 

(19) 


These conditions are not restrictive for an actual device, with good performance 

and a narrow base. Under these conditions the first term inside of the 

parentheses in (16) can be neglected and combining (16) and (17) yields 

T « 2 ^ . (20) 

" ‘^QNB 

This expression for x is similar to that valid for IT » L [141. 

n p n 

To determine measure the capacitance at two frequencies: C_. at 

vJNd LF 

o)T « 1 and C„- at (ut » 1 to obtain [14] : 
n HF n 


*"QN “ ^QNB 


^LF “ ^HF 


( 21 ) 


This results because the n"^ base and p"*" emitter regions are much narrower than 

and the amount of minority-carrier charge in these regions will be negligible 

compared to that in the wide base, giving = ^qNB* 

To determine we measure a total conductance G at the terminals which 

QNd 

consists of a few components [10]: 


^ “ ^QNE ^QNB ^SCR 


( 22 ) 


where G is the conductance from the bulk and surface base-emitter space- 
SCK 


charge region, and designates the contribution of the emitter quasi-neutral 

rof'ion. eliminated from the data by a subtraction technique 

to give 


^QN * ^QNE ''' ^QNB 


(23) 


^QNE ^ ^QNB ^n determined from (20), This 

condition will apply for many devices made on high resistivity substrates 

('v»l-10 fiem) with wide base. If G is not negligible, an independent 

QNE 

method is required to determine it before we can calculate from (20). 

One simple method involves thinning the base region to assure U < L and 

P n 

providing an ohmic contact to the base instead of a high-low junction. 

The narrow-base current can then be calculated using a conventional formula and 
subtracted from the total measured diode current to give the emitter current 

V- 

For the case of the HLE cell of Fig. 4, we note that the n-type emitter is 

the narrow region of interest, with a minority carrier (hole) lifetime To 

determine x^, we proceed as follows: we measure the electron diffusion length 

in a wide base by an X-ray technique, [15] or some other suitable method, and 

calculate C.™ and G„._. These two values are then subtracted from measured 
QNB QNd 

‘=QN> V' °QNE' 

^ ^QNE 


(24) 


The small-signal admittance method can be also applied for conditions of 
high-injection in the narrow region. Following the derivation of (16) and (17) 
for P “ N we obtain for high- Injection lifetime: 


4 ^2NB 

^qnb 


(25) 


Equation (25) is similar to (20) except for a factor of two which results because 
the electron diffusion constant is doubled in high-injection [9). This 
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equation is valid for the ''.omraon case of a negligible emitter current and 

W/L < 1 [9]. 

P n 


A more complicated » but accurate way to determine both and t In the 

QNE n 

BSF cell and other structures of Fig. 2 is to use the BWM technique described 

in the previous section. In order to do that, we have to first create a modified 

transistor»like structure from the actual cells. This can be done quite easily 

4- -f 4- 

as shown in Fig. 5. For the case of p -n-n BSF cell, the n region on the back 
can be etched-off from about 90% of the area and A1 can be evaporated on n-type 
base to create a Schottky barrier collector; the remains of n BSF region serve 
as a contact to the base, see Fig. 5(a). This procedure can be also used for 
n^-n-p KLE cell from Pig. 2(b). In the case of a n -p-p BSF cell. Fig. 5(b), 
an n^-dlf fusion is performed simultaneously from both sides of the p-type sub- 
strate. Emitter can then be a mesa-type and the p"*" region for the base contact 
over about 10% of the area can be done by a standard method used to create a BSF 
region. Schottky barrier collector using A1 cannot be used on p-type substrates 
because a metal-semiconductor junction on p-type substrates is usually very poor. 
Similar transistor— like structures can be made also from the FSF and IBC cells. 


B. Determination of S (S ,,) 

eff 

Once the minority carrier lifetime in the narrow region is found, then 
S(S^j^) can be determined either from small-signal quasi-neutral conductance 

or capacitance of this region. The capacitance is, however, a much better choice 
because of reasons discussed earlier (see also Section VI C). Tliis procedure is 
strictly valid only if is constant, independent of applied voltage. Tliis 

condition will be satisfied at low- injection for BSF, FSF, and lILK cells (12], but 
may not be satisfied for TJ and IBC cells. If S(S^^j) is not constant, then using 
(16) or (17) will result in an average value. 
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IV. MINORITY CARRIER BASE LIFETIME FROM DC CURRENT MEASUREMENTS 
An alternative mctliod, suitable for TJ cells or the Cranslstor-llke struc- 
l tires, FI}*. '■>, ts proposed. This method requires only dc cufent measurements 
on two related structures. The first structure is the .actual TJ cell (for 
example), Fig. 6(a). The other structure, Fig. 6(b), is created by removing 
the n^ layer on one side of the cell and replacing it by an ohmic contact. 

We will neglect the contribution of the SCR, which can be removed by an 
experimental procedure [10]. The base saturation current of the transistor-like 
structure is given by (11), the collector saturation current is 1^^ ■ QgQ^ip* 
The saturation current 1 q of the narrow-base diode from Fig. 6(b) is 



Combining (11) and (26), we obtain for 


. CO 

^BO ^ 'cO - ^0 


(27) 


In (27) all currents are measured and t„ * W„/2D is calculated. 

r D n 

The disadvantage of this procedure is that the separation of SCR current 
components [10] is subject to errors. This will limit the applicability of this 
method, mainly if 'u 1^, which is the case when the emitter dominates the 

current. The recombination current in the emitter is simply found from (26) 

Qr 


— * i - I 
Tg 'o 'co 


(28) 


An expression similar to (28) can be derived for T„, differing only by a 

h 

factor of 1/2 on the right side of (28). Note that in this case the currents in 
(27) are proportional to exp(qV/2kT). Also note that a highly-doped emitter will 
remain in low- inject ion. 


V. ANALYSIS OF DARK CURRENTS IN THE CELL 
The analysis of dark currents in the cell is demonstrated for a n^-p-p^ 
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HSF and for n *-n-p HLE cell shown in Figs. 3 and 4, which also show distrlhii« 

tion of minority carriers in these cells. The analysis Is based on independent 

measurement of t by one of the three methods described before. The effee- 
n 

tive surface recombination velocity is determined from a small-signal capacitance 
using (16). This allows us to calculate N(x) [9] and the recombination currents in 

•f 

the p and p portions of the base. The SCR current, is determined graphi- 

cally [10] , the recombination current in the emitter region can be obtained by 
the BWM technique or using the dc method. The sum of all currents recombining 
within the cell has to be equal to the total measured dark current I. This serves 
as a self-consistency check of the analysis. Another check for dark current T 
results from measurement of the short circuit current and opcn-circuit voltitp.n 


through 


V . hi 

OC q « 


(29) 


where is the dark saturation current corresponding to I. 

The analysis of the n'*‘-n-p HLE solar cell, Fig. 4, starts with the wide 
p-type base. The electron diffusion length is measured by the X-ray method [IS], 
and the base dark current and small-signal quasi neutral capacitance 
[14] are calculated. The hole lifetime and at the n***-n Junction 

are then evaluated as was described in Section 3A, 3B. The rest of the analysis 
follows the BSF case above. 

For high- Inject ion conditions in the low-doped part of the base in tlic HSI<' 

cell or low-doped part of the emitter in the HLE cell, we again measure T|| in 

these regions as described in Sections IIA, IIIA, and IV. The value of S ,, increases 

er I 

with applied voltage in hlgh-lnjectlon p.2] . The analysis has to be then made for 
a certain voltage, for example V ■ corresponding to a certain illumination 
level; can then be calculated based on Its low-lnJectlon value provided that 

the voltage drop in the quasi neutral low-doped portion of the base is negligible 
[12]. The high-doped regions of the cell will reaciln in low- inject ion. The analy- 
sis then follows the low-injectlon case. 
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VI. ILLUSTRATIVE EXAMPLES 

To demonstrate the various methods for analysis of the cells, we have done 
measurements on three different types of cells. The complete analysis for these 
devices is summarized in this section. 

A. n'*^-p-n^ TJ cell 

15 -3 

Tills cell Is fabricated on 6 ncm(N^« 2 x 10 cm ) p-type substrate. The 

top illuminated n^-layer is about 0.3 pm deep, the surface is texturized and 

covered by an AR coating. The bottom n -layer is about 0.7 pm deep. The base 

width is 160 Pm. Measured performance at one-sun AMO Illumination at 25*C with 

2 

top Junction floating was: V^j, ■ 577 mV, ■ 30.5 mA/cm . 

An ohmic contact to the top junction was provided after removing the AR 
coating. The measured dc and ac characteristics for this transistor-like struc- 
ture are shown in Fig. 7. The data were taken with the bottom n^-region serving 
as an emitter. The BWM conductances were measured at 2kHz using a Wayne-Kerr 

|{224 admittance bridge. The dependencies of I , G and G are proportional to 

CO r 

oxp q(V__/kT), which confirms that the BWM effects alone are responsible for G 

o£ O 

and G . For V < O.A V the leakage of the base-collector junction may dominate 
r oh 

G and G , in some devices, giving almost constant values independent on V • 
o r oh 

These values can be then subtracted from the measured G and G to extend the 

o r 

range of the exponential dependence on V • 

Oh 

From Fig. 7 we have for the low-injection case: G /G^ “ T /t_ « 13; 

o r n F 

h__(ideal) “ 13. Using (4) and (13) we then obtain: T “50 psec (L » 410 pm) 
rh n n 

and Qgg/'^E * ^EO^^E ^BO^ ^n* Examination of the Ig“Vgg dependence 

in Fig. 7 shows that the base will be in high-injection for V__ > 0.6 V. The 

Oh 

base current follows an exp q(V _/2kT) dependence in accord with (7), provided 

Oh 

that the effects of series resistance R are negligible. Because Qp/t^ « 

8 h h |5 IJ 

T can be found from (7): x_. - 200 ysec. Further analysis of the cell, 
n H 

described in Section V, with the top Junction left floating leads to determination 
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of recombination losses in Che top n -layer uid in the p-base region. A BumsuiTy 

of all results obtained for this cell are shown below* The dark currants are 

12 2 

given as a fraction of the total dark current density J ■ 3 x 10 A/ cm mea- 
sured at V ■ “ 577 mV. The results are: 

T B 50 (isec 
n 

L B AlO pm 
n 

Tjj ■ 200 psec 

B 350 cm/sec 
Jg * 0*52 J 
Jj “ 0.42 J 

•'sCR * ■' 

■^c " ■'b 

The measurements of and in high-injection were not possible* because 

the collector current in this region exceeded the maximum allowable current of 

2 

the bridge for the large area (4 cm ) device used. 

B. n"*’-p-p'*’ BSP cell 

16 —3 

This cell was fabricated on 1.5 0cm(N^ « i x 10 cm ) substrate. The 

n'^-region is about 0.3 pm deep* sheet resistance is about 55 0/ square. The BSP 

high- low Junction was created by an Al-paste alloying [16]. The cell was 220 pm 

thick and has a ^ coating on the top. The parameters measured at one-sun 

(AMO* 25*C) Illumination are: ■ 617 mV* Jg^, ■ 38 mA/cm^. 

The values for t and Q_/t_ were measured by the BWM method on a modified 
n E 

structure shown in Pig. 5(b). The recombination currents in the p and p^-region 

were then measured on the actual BSP cell* S^^^ was determined from the dark base 

current using (17). The inspection of the dark I-V characteristic showed that 

this cell is in low-injection at one-sun Illumination level. 

The results are: t b i 20 psec 

n 

L B 600 Pm 
n 




ii 





The results are: 
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S ■■ 380 cm/sec 
eff 

J_ ■ 0,4 J 
E 

J_ » 0.15 J 
B 

J_+ a 0.4 J 
B 

•’sCR “ 

—2 2 

where J « 3.8 x 10 A/cm Is the messured total dark current density at 
V ■ Vqc • 617 mV. 

C. p'^-n-n'*^ BSF cell 

14 “3 

This cell was fabricated on about 7 0cm 6 x 10 cm ) float zone 

silicon wafer. The p -emitter is about 0.25 pm deep. The n -layer on the 
back is about 1 Um deep. Thickness of the cell was 320 pm. The details of the 
fabrication process are in Ref, 17. 

2 

The one-sun (AMO, 25*C) data were: - 605 mV, - 39 mA/cm . 

We will demonstrate here the use of the small-signal admittance method, described 

in Section III. Fig. 8 shows the measured dependencies of C and G on voltage 

V. The low frequency capacitance and conductance were measured at 500 Hz, 

C„_ was measured at 100 kHz using a Wayne-Kerr B224 bridge. Subtraction of these 
HF 

two dependencies yields - Cj^p which follows the exp(qV/kT) dependence for 

about 2 decades. Similar procedure is used to extract G^^ [10]. 

Using a simple test described in Section IIIA we found that G« G.„_. 

QN£ QNB 

The hole lifetime is then obtained from (20) and from (16): 

T ^ 200 psec, S .. •> 80 cm/scc. Using these values for T and S we find that 

p err p err 

the first term in the parentheses in (16) is Indeed small compared to the second 
term, which then validates (20). These results are consistent with measurements 
on p -n-n cells reported by others [17, 18]. 

The advantages of calculating ^eff from (Instead of from) are 

clearly evident In Fig* 8. The measured r _ characteristic is almost an ideal 

Lr 

one; the correction by subtracting C^^p is very small. On the other hand, the 
correction due to to obtain G^j^ is very substantial. 
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For V > 0.6 Volts the n-reglon of the base Is In high- Injection es shown 

' y a exp(qV/2kT) for V > 0.6 Volts, which was obtained by subtracting 

from G. The C^p dependence on voltage for V > 0.6 Volts is also expected to 

be proportional to exp(qV/2kT). The C^p in Fig. 8 shows, however, an axcesaive 

bending due to the contact resistance between the cell and the aeasurement 

probeu. The C. _ was ncasured using only 2 probes, however 4 probe nsnsurenents 

are necessary to elininata the contact resistance. Such capacitance sMasureaMnts 

are possible. The series resistance will have a negligible effect on [19]. 

The G-V curve was taken using 3 probe arrangement, effectively suppressing 

for V < 0.7 Volts. Due to the difficulty with the high-lnJection value of 

could not be found using the admittance method. The estimate of tj| follows 

from recognizing that Gqj|£ < ^Q)|g »t V ■ 600 mV, and is small. This 

will result in a nearly flat profile of P(x) in the n-basa. and 

« Aqnj^W^/tjj Itxp(qVAZkT)], which yields Tjj ■ 320 usee. The fact that 

G.„ « exp(qV/2kT) Indicates that the low-doped portion of the base dominates the 
QN 

dark current at V * V^^ ■ 605 mV. 

The results for this cell are summarized belowt 


T ■ 200 ysec; 

P 

L « 500 ym 
P 

Tjj “ 320 ysec 

S 80 cn/sec (low injoetion) 

err 

J_ « 0.8 J 
B 

^SCR • •' 

•'e 

•'B+ « ■'e 
-2 2 

where J « 2.9 x 10 A/cm is the measured total dark current dcisity at 


V - Vqc - 605 mV. 
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VII. SUMMARY 

This work presented new methods for determining the minority>csrrier life- 
time in narrow regions of solar cells. This leads to a simple analysis 
witich results in determination of recombination currents in each region of 
the cell. Such an analysis was demonstrated for three different types of cells. 

The basewidth-modulation (BWM) and the small-signal admittance method involve 
measurements using very accurate admittance bridges. The accuracy of the 
BUM method depends on the accuracy with which can be determined from (4). 

This can be done very accurately for wide regions with a uniform 

doping. No other material parameter is required to obtain the lifetime from 
(3) or (8). Additional reasons for the high accuracy of this method are that it is 
Independent of the currents not associated with the region in which the life- 
time is measured and that it has a self-consistency check. The accuracy of the 
BUM method is estimated to be about + 51. 

The lifetime measured by the small-signal admittance method, as determined 
from (20) or (25), does not require knowledge of any materiel parameter of the 
cell. The high frequency capacitance can be measured at relatively small 

frequencies ( 'vlOOkHz) because of very long lifetimes in the measured cells. 

2 

This allows measurements on large area devices ( ^Icm ) using commerically 
available bridges. This method also has a self-consistency check. The total 
accuracy of this method is estimated to be about + 10%. The dc current method 
is less accurate than the previous two methods, mainly if the emitter current 

Is ilr>nUnant. 

The determination of lifetimes and recombination currents in the cell allows 
identification of regions that limit cell efficiency. It will also allow moni- 
toring of fabrication steps and material properties. 
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Fig. 1 
Fig. 2 


Fig. 3 


Fig. 4 


Fig. 5 


Fig. 6 


Fig. 7 


Fig. 8 


FIGURE CAPTIONS 

Basewidth-modulation effects in n^-p-n"* TJ cell. 

-f ^ *f 

Schematic illustration of (a) n -p-p BSF solar cell; (b) n -n-p 
HIE solar cell; and (c) the basic structure of the TJ (with floating 
front surface), FSF, and IBC cells. 

* 4 * 

(a) Schematic diagram of a n -p-p BSF cell; (b) Qualitative sketches 
of minority carrier distribution in dark. 

(a) Schematic xagram of a n^-n-p HLE cell ; (b) Qualitative sketches 
of minority canier 'Istrlbutlon in dark. 

(a) p"*"-n-n^ BSF cell and a modified translstor-llke structure 

* 4 " 

with a Schottky barrier collector, (b) n -p-p BSF cell and a modi- 
fied n -p-n*** transistor-like structure. 

(a) Schematic diagram of TJ cell; (b) Schematic diagram of a n'*’>p 
diode structure obtained from the TJ cell. 

Measured I^, 1^^, Gq, and G^ versus forward bias for n^-p-n^ 

TJ cell. The base quasi-neutral current components are indicated 

by the dashed lines, 1-™ is the extrapolated SCR current component. 

SCR 

Measured capacitance and conductance versus forward bias V for p^-n-n"*^ 

BSF cells The quasi-neutral components are shown by the dashed linesy 

G Is the extrapolated SCR conductance component. 

SCR 
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CHAPTER 6 

MOS AND OXira;>CHARGE-INDUCED (OCX) BSF SOLAR CELLS 
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I. Introduction 

The power conversion efficiency of silicon p-n junction solar cells is 

limited mainly by the recombination currents from highly-doped regions of tho 

cell. The advantages of replacing the highly-doped n^-dif fused emitter region 

by an electron accumulation layer was very successfully demonstrated recently 

in the oxide-chaurge-induced high-low- junction-emitter (OCI-HLE) solar cell [1], 

In this particular cell a thermal oxide layer containing a positive oxide 

charge induces high-low-emitter junction, which together with the low surface 

recombination velocity resulting from the oxide layer effectively suppresses 

the emitter current. As a consequence, silicon solar cells with open-circuit 

voltages V of 650 mV were made, which compares with the maximum value of about 

600 mV seen in conventional silicon cells. Another demonstration of the 

desirability of avoiding a highly-doped n*- emmitter region is provided by 

recent work in n*-p MIS solar cells, in wich tho oxido-chargo-inducod n— 

region is an inversion rather than an accummulation region. Those dcvico:: 

show a maximum V of 655 mV (2} . 
oc 

Fig. 1 shows a schematic diagram of a p^-n-n^ BSF coll 13 J . As was noted 
above, the limiting factor in determining the cell efficiency of state-of-the- 
art silicon solar cells, including BSF cell, is the dark recombination current 
[4,5]* The dark current is a sum of a recombination currents from the quasi- 
neutral emitter and base regions. For a low-doped base ('^10 Hem), typical of 
BSF cells, the emitter contribution is negligible [5]; the recombination current 

comes mainly from recombination in the n- region* The n^-rogion current is [6J 

2 




\ 1 
"eff 


lexp(jj^)- IJ 


( 1 ) 


where Njjp is the doping level in the low-doped part of the base, and is an 

effective recombination velocity at the n-n^ low-high (L-U) boundary (6,71. 

In the derivation of Eq. (1) we assumed a long diffusion length of minority 

holes in the low-doped part of the base: L > W . This is a necessary condi- 

P B 
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Lion if tlio back'surfacc field is to have any considerable effect (Hj. Tn 

•lUdition, in the derivation of Eq. (1 ) , the recombination current in the low- 
do|M'd part of the base was neglected. This recombination current will ulti- 
mately limit the cell performance, as discussed in Section III. In present- 
day p^-*n-n^ BSP cells of the best quality, in which the n^-region is formed by 

phosphorus diffusion, the experimental values of S are about 40 cm/sec (4). 

eft 

This limits of present cells to about 61S mV at 300K for one-sun AMI illu- 
mination. For this cell, * 300 Pm, * 40 cmV*ec, and * 0.7 msec (5) which 

implies that _ 


J * 
P 


— — S 
DO 


“IJ 


( 2 ) 


Thus, reduction of in this cell would result if S could be lowered. The 

P eff 

next section describes one approach for doing this. 


II. MOS-BSF and OCI-BSF cells 


Proposed device structures are shown in Figures 2(a) - (c) . Instead of 
creating the L*H junction by the diffusion process / we suggest creating an 
accumulation layer at the back surface by a MOS gate structure# as in Figures 
2(a) and 2(c). In the case of the p^-n-n^ structure# the accumulation layer 
can alternatively be induced by a positive oxide charge as was done in CX^I- 
HLE cell [1], Figure 2(b). 

Since the accumulation layer is very thin# it will be essentially trans* 
parent to the minority holes (for p^-n-n^ structures, for example) which will 
recombine at the Si-SiO^ interface, with a surface recombination velocity 
[1,9]. The electron concentration in the base is shown in Fig. 2(d). The induced 
accumulation layer extends several Debye lengths from the surface, and thus 
can be as thin as 100 A. For an electron concentration N^, at the Si-Sio^ inter- 
face, can be written as 16J 


®eff * N 

s 


(3) 
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As can be seen from Eq. (3) , if the ratio S./N can be made small enough# J_ 

P 5 P 

will be small. 

Fig. 3 showns as a function of Sp for N^^-exlO^^ cm“^ at 300*K as 

a function of oxide charge density or equivalent gate voltage for si 02 thick- 

ness of 1000 A. Values for N are calculated using standard NOS theory [10] . 

O 

From Fig. 3 note that > 5 Volts makes < 40 cm/sec even for Sp as 

6 4- 

large as 10 cm/sec. ■ 40 cm/sec was the value Obtained for diffused n 

regions (5]. The expected values for Sp for oxidized Si surfaces are much 
6 

below 10 cm/sec. Therefore the NOS gate stmicture on the back side of the 
cell is expected to decrease Jp to a larger extent than that achieved in diffused 
p^-n-n^ cells. Thus V^ is expected to increase because 


.. hT - 
'^OC “ 'q *■" J 


SC 

PO 


M) 


Fig. 4 shows the dependence of V^ on Sp at 300*K, for the proposed 

structures, calculated frcxn Eqs. (1) and (4) iwhere the n-rogion recombination 

2 

has been neglected for now) for 0~*35 mA/'jm and W ~250 pm. Values for V 

SC 0 oc 

5 

larger than 650 mV result even for Sp s lo cm/sec provided ^ ^ Volts or 

«\, 12 -2 + ♦ 

Q^/q > 1x10 cm . Similar curves can ht.t calculated for n -p-p strv^ctures. 

Prom two sets of experiments [ill with OCI-HLE cells, one which included 

thermal oxidation (dry and wet) of the front emitter surface at low tcm|K;ratur(.*s 

(800-900*0 and a second wliich used chemical-vaijor-deposition (CVU) of SiO, at 

4S. 

400*C, followed by heat treatment in oxygen, it was concluded that Sp for these 

5 11 -2 

low temperature oxides is about 10 cm/sec and (Q^/q)^^»7xl0 cm . Low- 
temporature oxides will have to be used for BSF cells, since high ti'm|H*r.iluro 
treatments degrade the base material pro|>erties, itutinly the diffusion lent|lh. 


Very long diffusion longths« at least as large as W , are necessary if the back* 

D 

surface field is to have any considerable effect l8l and if the total recom- 
bination is to be low enough that « 700 mV is obtained. 

Our experiments (ill and other published data indicate that is 
limited (for the standard process of thermally grown dry oxides followed by 

heat treatment in oxygen at about 700*0 to about 7x10^^ cm ^ for (111) orienta- 

11 -2 

tion ( 12 , 13 ! And to about 3x10 cm for (100) orientation (12]. Wet oxides 

11 -2 

grown at low temperatures (700* -900*0 have Qq/Q - 5x10 cm on a (111) sur- 
face (131. CVD SiO.. prepared at temperatures from 300 to 450*C and evaporated 

A 

SiO have high . than t)iat for thermally oxidized samples. QQ^q these 

12 -2 

oxides is alsout 2x10 cm (2,14). However, these oxides have a much higher 
density of surface states, and thus higher S^, than that typical of thermal oxides. 

Therefore p*-n-n^ OCl-BSF cell which relies on oxide charge and is made using 
the oxidation techniques descrik>ed above may have V^ limited to about 625 mV. 
Additional experiments are necessary to determine whether this is a real .limita- 
tion or whether substantially larger V^ can be obtained by these structures. 

Un the other hand, the MOS-BSF structure, in which we apply a bias voltage to 
an MOS structure at the back side, has no apparent limitation to prevent 
achieving V^ s 700 mV. Notice that for p^-n-n^ cells, one has the choice of 
using either or as the origin of the H-L junction. Because is 
positive, in an n^-p-p^ cell, the gate-voltage approach is the only feasible one. 

III. Discussion 

As discussed in Section II, the recombination current in OSF cell can be 
very effectively suppressed by a back accumulation region at the Si-SiO^ 
interface. If the currents in the back accumulation region and the emitter 
region are low enough, then the recombination currents in the low-doped base 
region and at the n-n^ or p-p^diffused Ohmic junction will limit the maximum 
achievable and n. 
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Based on available experimental data for lifetimes for holes and electrons 

[5,15,16] we estimate that the base will not be an obstacle in achieving 

(V^_) - 700 mV and H ~ 20% for one-sun AMI illiaminat.ion. In this calcu- 

OC max max 

lation, we accounted the high injection condition present in the low-doped base region. 

Fabrication of the proposed structures will involve, over a small part of 
the area, diffusion of n^or p^-regionS to insure good ohmic contact to’ the base, 
as shown in Fig. 2. Thus created n-n^or p-p^ junctions will contribute to the 
base recombination current. The recombination current density at the n-n^ 


diffused junction, for example, is 




(5) 


18 “3 

vdiere N ~ 10 cm is the effective doping concentration including the effects 
ef f 

of bandgap narrowing [17] due to heavy doping Dp is the average hole diffusivity 

* 4 * ^ 

in the n region and W^+ is the thickness of the n -region. In deriving Eq. (5), 

we have assumed that the hole diffusion length exceeds W + in the n 

n 

region so that the n^-region is nearly transparent to minority holes. From Kq. (5) 

we find that J + presents no obstacle to obtaining V > 700 mV provided the 
nn oc — 

area of n-n^ junctions is 20% or less. 

These predictions did not consider heavy-doping effects [17,18,19] which may 
occur in very strongly accumulated surfaces. Since the accumulation layer is 
very thin, .these effects will be much less severe than in diffused junctions 
and are not expected to appreciably change our predictions. 

The main advantage of the new MOS-BSF and OCI-BSF cells compared to conven- 
tional BSF cells is that using the si-SiO^ interface instead of an ohmic contact allows 
very low values of to bo achieved at the L-II back junction, yielding large 

and improved [8,20] . Another advantage is the possibility of using CVD oxides 

deposited at low temperatures or evaporated oxides to create the MOS gate. The 
emitter diffusion in the n^-p-p^ BSF cell can bo replaced by an induced n*-invorsioii 

layer [2,14] which will allow complete fabrication of the coll at very low tcm))oraturos, 
possibly increasing the base lifetime in the finished device. 
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The disadvantayc is that a voltage sui>ply for gate bias V is required* No |v>wcr 

G 

will bo coasumedf since the oxide is a very good electrical insulator. The voltage 
can come from 10 to 30 conventional silicon cells in series, which can supply 
hundreds of the new proposed cells because no power is consumed by their MOS 
gate structure* As another disadvantag <vtditional photoresist steps on the 
back side are also necessary to define a contact pattern, which raises the cost* 

We feel, however, that these disadvantages will be outweighted by increased 
performance of the cell, even for normal illumination levels* The performance of 
a BSF cell can improve with increasing of illumination level [51* For high con- 
centration application the increased cost of production due to additional steps 
required to produce this new device will become less important, since cost of a 
cell is very small compared to the cost of an entire system. 
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Fig* 2 Schematic |iagram of MOS-BSF and OCI-BSF cell structures. 

(a) p^-n-n^ MOS-BSF cell, (b) OCI-BSF cell, 

(c) n -p-p MOS-BSF cell, (d) concentration profile of minority 
carriers in the base. 


Fig. 3. 
Fig. 4 


Effective surface recombination velocity s .. versus surface 
recombination velocity Sp for SiO^ thickness of 1000 A. 

Open-circuit voltage V versus surface recon^ination velocity S 
for SiO thickness of tS) 00 X, J = 35 mA/cm^ and W *= 250um. ** 
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CHAPTER 7 

DESIGN OF HIGH EFFICIENCY HLE SOLAR CELLS 
FOR SPACE AND TERRESTRIAL APPLICATIONS 


1. INTRODUCTION 


The purpose of this paper is to discuss design approaches for silicon HLE 
solar colls. IX’sign of cells for radiation and terrestrial environnents are 
considered. Two main types of HLE cells receive attention: (a) the oxide- 
charge- induced (OCI) HLE cell* and (b) a new HLE cell having a wide p-epitaxial 
emitter for which the appropriate choices of emitter width and doping levels in 
the emitter and base are made to yield both high and high 

SYMBOLS 


V ‘^p 

On 


^SC 

'^nO’ '^pO 
An.Ap 


2 

ambipolar diffusivity (cm /sec) 

2 

electron and hole diffusivities (cm /sec) 

2 

oxide charge density (C/cm ) 

2 

short circuit current density (A/cm ) 

dark electron and hole saturation current density (A/cm ) 

electron and hole diffusion length (cm) 

excess electron and hole concentration (cm ) 


1S9 


ns(Qo) 


*'*DD* ^00 
•^AA* '^AA 

'p 

^eff 

T 

V. 


*0C 

^'^OC^B* ^'^OC^E 


P 

P. P"^ 
+ 

n, n 

BOL 

EOt. 


E. B 


Intrinsic carrier concentration (cm ) 
electron and hole surface concentration (cm ) 
oxide charge dependent electron surface concentration 

donor concentration In n and n material (cm ) 

+ -3 

acceptor concentration in p and p material (cm ) 

electronic charge (Coulombs) 

hole surface recombination velocity (cm/sec) 

effective surface recombination velocity (cm/sec) 

temperature (°C,°K) 

applied voltage (Volts) 

open circuit voltage (Volts) 

open circuit voltage established by base and emitter 
(Volts) 

emitter thickness (cm) 
junction depth (cm) 
resistivity (n cm) 

lifetime of minority electrons and holes (sec) 

associated with p and p^ region 

associated with n and n^ region 

beginning-of-llfe 

end-of-llfe 

associated with emitter and base 


II. pCI-HLE CELL 

Fig. 1(a) shows the cross-section of an PCI silicon HLE solar cell. The 
principles of operation of this cell, which have previously been discussed il| 
are illustrated in Figs. 1(a) and 1(b). A positive charge Q^, achieved by suit- 
able heat treatment (2,3], induces an electron accumulation and an electric 
field near the silicon surface which reduces the effective surface recombination 
velocity for holes ^eff to (4) 
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By solving the hole continuity equation for the desired case, < Lp, and low 
injection, one determines the hole saturation current JpQ to be (4) 



qn: 


'DO 


We 


eff 


T 


1 ♦ 




( 2 ) 


in which the first term in the numerator accounts for hole recoi»4>i nation at the 
surface and the second term accounts for hole recombination in the bulk. The 
current JpQ must be small if high is to result. 


2.1 Beginning of life • (BOL) Design 

4 

For BOL, our experiments ill show that Sp < 10 cm/sec can result from the 

presence of the Si02 layer on the illuminated surface. For a wide range of 

doping levels Nf.n« the term W^/x^ in (2) can be made negligible, and the diffu- 
uu t p * 

Sion velocity Op/W^ will typically be of the order of 10 cm/sec. Thus, if 
can be made much less than 10^ cm/sec, then (2) reduces to 


qn. 


’PO ■ N, 


OD 


hu ” ’"f 


2 i 


(3) 


which also holds for high injection provided D,/Wr and Wp/{x +x_) are both small 
compared with injection “ qV^/2kT, as can be shown by 

solving the ambipolar transport equation for high injection (5). To shw that 

4 

^eff cm/sec is possible, we indicate in Fig. 2, for different values of 

Npjj and Qg, the resulting values of n^ and The functional dependence 

”s ^0^ is found from standard MOS theory I6J. 

Because can be small, we consider now the value of Jpg for the limit- 
ing case • »• Fig. 1(b) shows the minority hole density in the dark cell, 
resulting from an applied voltage, for the desired condition, Lp > W^: 

'^PO " ^ 

To estimate JpQ, we use the empirical data of Kendall (7], which gives, for 

Nnfj > 5 X ^ 

1 2 - T 

XpNoo = 3 X lO*'^ sec/cm ^ 


( 5 ) 
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Thus, at T » 25"C, 

JpO * 7 “e • 

Thus, If JjQ a 35 mA/cm^(AMO), which was seen In OCI-HLE cells, the open*c1rcu1t 
voltage limit, (Vq^)^ ■ kT/q tn(J^^/JpQ), established by the emitter current JpQ 
is, for example, 800 mV, 780 mV, and 718 mV for ■ 2 pm, 5 pm, and SO pm, 
respectively, independent of Nqq (provided low-injection levels are maintained). 
From a design viewpoint, this demonstrates that (Vq^)£ > 700 mV can be achieved 
for a wide variety of choices of N^q and provided only that Lp > W^. 

2.2 End-of-Life (EOL) Design 


Radiation damage Increase Sp and Qq(8) ; it will also reduce Tp(9,10). As 
a design approach, we choose small compared with anticipated degraded diffu- 
sion length to minimize bulk recombination; that is, we require < Lp (after 
Irradiation). Then (2) still applies, and JpQ is determined by the verities 
$eff. Wj/tp. and Dp/W^. As a worst-case limit, we consider the case ^eff “ "• 
Then the transit time t^ for holes to cross the emitter is 


t, • wf/20p (7) 

.0 

which, for example, is of the order of 10 sec for * 2 pm. Thus, if t_ after 

-9 ^ P 

irradiation is larger than 10 sec, the emitter will be transparent to holes 

and (2) reduces to 



’"j! !i> 

•*00 “e 


( 8 ) 


This worst-case dependence suggests that should be large enough, both 

to assure small lateral series resistance and to decrease J but small enough 

pO 

to avoid heavy-doping degradation. For example, consider a design with 

Kr « 2 pm, and » 10^® cm’^. For T « 25®C and = 25 mA/cm^, 
t uu 2 

(Vqc)^ > 640 mV. For electron fluences up to 10 cm , * 25 mA/cm is 

expected if prior to radiation a 35 mA/cm^(10j. 


2.3 Examples of Vq^ established by the emitter for BOL and EOL 
We have previously discussed (Vqq)^ for two limiting cases: ■ 0, 
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which corresponds to the 60L condition, and ■ <», which corresponds to the 

EOL condition. We now remove these 11ir«1 ting-case assumptions by considering 

Intermediate values of as determined by (1) and the condition that 

Kr^ cni/sec • < 10^ cni/sec. The lower bound on Is easily achieved, as Is 

l»y our ex|M*r1ments for a surface passivated by SIO^ (Ij. The upper 

tKMJud is a Uu'oretical limit for a silicon surface (111. 

In Fig. 3 we plot (>lnr)e « function of S„ for two values of emitter 

uc t p 17-3 

widths > ?.5 pm and 15 pm and for emitter doping densities of « 10 cm 

and 10^® cm’^. Three values of oxide charge densities are considered: 

11 -2 

(a) Qp/q * 4 X 10 cm , which Is the order of magnitude obtained In thermally 

grown dry oxides followed by oxygen heat treatment at about 700 C (2,3) before 

12 -2 -12 -3 

the Irradiation; and Qp/q * 1 x 10 cm and 5 x 10 cm , which Is the range 

of values expected after Irradiation (8). As shown In Fig. 3 for BOL with 

Sp a 10 cm/sec, the emitter recombination Is no barrier for achieving 

(Voc)e i 700 mV for variety of emitter doping levels and thicknesses. After 

Irradiation, for EOL, S„ Is expected to Increase significantly (8), but will not 

P 5 

be larger than the order of 10 cm/sec (11). But Qp/q will also Increase, as 
mentioned above, which will Increase (6), and =• Npp Sp/n^ (Qp) will 
depirnd on the ratio Sp/n^ (Qp) after the irradiation. It follows from Fig. 3, 
consistent with our previous worst-case calculation, that (Vpp)^ > 650 mV is 
still possible at EOL, If < (l-p)EQL* 

2.4 Vpp established by the base for BOL and EOL 


As shown In Fig. 1(b) for the dark case with applied voltage V^, the quasi- 
neutral saturation current Jp In low Injection, neglecting heavy-doping effects 
(12), Is Jp » Jpp + J^p, 


and the base saturation current is 
2 


'nO 




(9) 


To minimize J^p, note that, for 


> 10^^ cm'^, is a decreasing 


function of Npp(l3), provided heavy doping effects are negligible. As a result, 
the open-circuit voltage limited by the base (V--)„ is an increasing function 

19-3 Ut D 

of Npp until N^^ = 10 cm" = 0.01 ncm) which is a doping level at which 

the heavy doping effects in p-type material becotne Important (12), as shown In 
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Fig. 4. The broken line in Fig. 4 shows an experimental dependence of Vq^ on 

(14j which peaks at = 5 x 10^^ cm"^. This is a result of the increasing 

importance of the emitter current fo** base dopings larger than about 
17-3 

5 X 10 cm , in conventional cell where the emitter current is not suppressed 
by an HLE structure such as that present in the proposed device. 


3. Design concepts for space and terrestrial applications 


Based on the foregoing analysis we present design concepts for two different 
types of space cells and for a terrestrial cell. 

1) n~*~-n-p PCI -HLE (diffused HLE) space cell 

Fig. 5 shows a cell designed for space applications. The p-type base dop- 
ing isN^^s: 5 X 10^^ (p 0.1 ftcm) which appears to be an optimum value which 
gives in a range of 85-150 pm in a finished cell (15j. This long diffusion 
length, which will assure collection of most of the generated minority electrons, 

provides a high value of the short circuit current The epitaxial emitter 

xl7 ,„18 -3 


is narrow, about 2 pm, and highly doped, s 10 to 10 


cm 


to assure low 


series resistance. The thinness of the emitter offsets, to a large degree, the 
effects of significant degradation of lifetime in the n-type material after the 
irradiation (9j. The H-L emitter junction can be achieved using either OCI 
induced or diffused n^ layer [16). 

The following conclusions about this structure can be made based on the 
discussion in the previous sections: 

a) > 650 mV at EOL, if t^ < (Tpl^QL* 

b) depend pn the radiation damage [10). Since the 
base is the same as in the conventional n on p cell, results obtained 
for the conventional cell radiation damage [10) also apply here. 


c) 

d) 

e) 


^'•^SC^EOL ' SC ^conventional ^'^SC^E 

base 


^DD ^p^'^s’ '’s ^"crease 

with radiation, thus tending to keep low, controls (J 5 £)£ 

and 

pO 2 

For BOL, with Sp ^ 10 cm/sec, {^ qq )^ > 700 mV, and (Vqq)^ depends on 
minimizing D„/L„ (V^ 

%ase 


For an OCI structure, -p/'-s* -p - - j 


n' "n ”AA* '’OC^B order of 700 mV can be expected 


0.1 fjcm with L > 75 pm. 
n 
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12 -2 

f) lor > 10 cm , heavy doping effects in the accumulation layer 
may become important fFig. 2). However, since the accumulation layer 
is very narrow, these effects are expected to be very small (17j. 

g) A structure with a diffused n -region offers larger flexibility in 
choosing Nq^ because of the low shunting resistance of the n^-diffused 
layer. 

A w ide-e m itter p^-p-n^ spa c e cell 

We propose a new silicon solar cell structure fl8j which is projected to 

have both high mA/cm ) and high Vqj.( 700 mV) and consequently high n 

(20/., AMO). The new structure is projected to have good performance in radia- 
tion as well as non-radiation environments. 

The structure is shown in Fig. 6. The qualitative sketches showing the 
minority carrier distributions in Fig. 1 are valid for this case, too, with 
hole and electron profiles reversed. 

We emphasize some special features of this structure; 

a) The surface is passivated with SiO^ on top of which a suitable antire- 
flection (AR) coating is deposited. The H-L emitter junction is 

achieved by a thin ('vO.l pm) p^-diffused layer resulting in (4j 


b) 


c) 


s . s 

eff n s 

'■^AA^eff 


(10) 


where 10*^ cm'"^ is the effective doping in the p^-diffused 


layer for = 10^® cm' 


at the surface. An electron recombination 


velocity at the Si-SiO, interface on the order of 10 or less can be 

^ 17-3 

easily achieved til. Therefore, for = 5 x 10 cm , is of 
the order of 10 cm/sec or less; thus = 0 is a reasonable approxi- 
mation. 

As a result of - 0, and the choice of a 50 pm wide emitter region, 

about 90/ (191 of all available optically generated minority electrons 

will bp collected. Using a 5 loss AR coating and 4 ■ metal coverage 

2 

the projected AMO = 45 mA/cm . P-type material is chosen as a 
region from which the is collected due to smaller sensitivity to 

the radiation than seen in n-type material 19] . 

4* 1 ft - 3 

The doping level in the n -base is optimized to be about 10 cm , 

which is the onset level for heavy-doping effects (17J. The doping 
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level in the emitter (''<5 x 10^^ cm‘^) is chosen to minimize 1131. 

d) U-ing published data for lifetimes for holes and electrons (7,13i, we 
can calculate by use of Eqs. (2) and (9), for structure shown in 

-Id ? 

Fig. 6, that the saturation current Jq 7 x 10"'^ A/cm^, Implying 
= 700 mV for = 45 mA/cra^ at 25 C, and implying rj a 20% AMO. 

e) Significant differences exist between this new cell and a previously 
proposed epitaxial p^-p-n cell (20]; these are discussed in detail in 
Ref. 18. 

f) An alternative related structure (p^-p-n-n^) can be made, which employs 
an n-n^ low-high junction back-surface-field base (4]. This structure 
will have higher at BOL due to improved collection of minority 
holes from the n- region of the base. 

3 ) n^ -n-p OCI-HU terrestrial cell (Fig. 1) 

There are two approaches to minimize the base current in this cell. Fig. 7: 

a) Choose 0-1 ocm (N^ =; 5 x 10^^ cm‘^). In this case > 70 pm 

is required for (VQj«)g 700 mV 25°C and = 35 mA/cm^. Such values 
for can be achieved in finished cells using a low temperature fab- 
rication process (13,15j. Epitaxial growth of the emitter and a high- 
temperature oxidation required for low 5^(1] may decrease below the 
70 pm; this would result i*' < 700 mV. The largest Vq^ seen 
experimentally for a cell with iicm is 643 mV AMO, at 25*’C. 

DaSe |Q ^2 

b) A second approach is to use a highly doped p-type (5 x 10 - 10 cm ) 

18 -3 

base. Note that for =5x10 cm , for example, = 2 pm is 
sufficient to achieve (VQ^)g of 700 mV. Such values are expected even 
after the high- temperature fabrication steps. In this second approach, 
Wj. = 50 pm, since the base will contribute negligibly to Such a 

wide emitter is required to collect about 90T. of generated minority 
holes. In approach (a), can range from about 10 to 50 pm. The 
largest V«r seen experimentally for a cell with ~ 0.024 ilcm 

(N.. = 2.5 X lo'*^ cm '^) is 647 mV AMO, at 25 C. 

MM 'if 

c) Emitter doping can be chosen from range of about 5 x 10*** cin"^ to 

17 -3 

about 5x10 cm ' . 
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CONCLUDING REMARKS 

First order analysis of HLE solar cells for BOL and EOL conditions is 
presented. Based on this analysis and on experimentally measured material para 
meters, design concepts for both space and terrestrial cells are discussed. 

The proposed structures include: n^-n-, CI-HLE space cell, wide emitter 
p^-p-n^ space cell, and n^-n-p OCI-HLE terrestrial cell . All structures are 
projected to yield both high and 
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CHAPTER 8 


SUMMARY 

The project **Studies of silicon p-n junction solar cells”, 
sponsored by NASA Lewis Research Center started in June 1974 and 
ran through December 1979, The project produced two M. S. Theses 
and three Ph.D. Theses. It also yielded 15 journal papers and 12 
conference presentations. All this would have been impossible 
without the close cooperation of H. W. Brandhorst# Jr., and M. P. 

Godlewski (Technical Monitor) of NASA Lewis. We also profited 
from interactions with other NASA Lewis people including C. A. 

Baraona, D. T. Bernatowicz, R. E. Hart, Jr., C. K. Swartz, and 
I. Weinberg. 

This re|x>rt summarizes our progress during the period of September 
1977 - September 1979. It contains the most significant results of 
both theoretical and experimental studies done in this period, as 
follows: 

(a) Development and fabrication of an OCI-HLE cell yielding 

reproducibly V = 647 mV (AMO, 25®C) , which is the largest 

oc 

V„ observed at NASA Lewis in Si p-n junction solar cells up 

oc 

to date. 

(b) Determination of bandgap narrowing as a function of doping 

19 -3 20 -3 

density in the emitter in a range of 3 x 10 cm to 2 x 10 cm . 

(c) Development and demonstration of methods for measuring very 
long diffusion lengths ('x^SOO ym) in solar cells and associated 
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1 


dark recombination currents. 

(d) Development of a comprehensive analytic theory for the 
limit placed on by a heavily-doped emitter region 
subject to the condition that most minority carriers 
in the forward-biased nonilluminated emitter recombine 
at the surface rather than in the bulk. 

) 

I 

I 



